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ABSTRACT 
Since the start of the industrial era human activities have been impacting climate 
with increasing emissions of greenhouse gases (GHGs), altering the Earth’s energy 
balance. Nitrous oxide (N2O) and methane (CH4), together with carbon dioxide 
(CO2) are the principal GHGs with increasing concentration in the atmosphere. The 
global warming potential (GWP) of N2O is 298 times and CH4 is 34 times higher 
relative to that of CO2 on a 100‐year time horizon. Global changes, including climate 
change, are known to impact GHG fluxes but a mechanistic understanding of what 
drives feedback responses is not fully known. For example, major pathways of GHG 
production and consumption in terrestrial ecosystems are microbial processes. 
However, the response of functional microbial groups associated with GHG fluxes to 
global change conditions and its consequences for GHG feedback responses remains 
largely unknown. In fact, most field studies addressing GHG emissions fail to 
include all three GHGs and microbial communities present in the soil. In this study, I 
aimed to improve projections of GHG emissions under current management practices 
and future climatic conditions and to further improve the mechanistic and regulatory 
understanding of soil GHG fluxes to the atmosphere. 
Firstly, I investigated the long-term effect (six years) of management practices, 
routinely implemented in forestry plantation to maximize yield production, as well as 
land-use change, particularly afforestation. This study was conducted in an 
Australian forest dryland ecosystem, characterized by low water and nutrient 
availability resulting from low precipitation and high evaporation. Secondly, due to 
the high vulnerability of nutrient poor soils, a controlled environment laboratory 
experiment was established with soil monoliths from three nutrient poor sites from 
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New South Wales, Australia. Soil monoliths were exposed to future projected 
concentrations of CO2 (600 ppm) and elevated temperature (+3°C) across a nine-
month period. Finally, the long-term effect of climate change was addressed in a 
five-year manipulative field study in a boreal forest warming (+3.4°C) experiment 
(B4Warmed) together with reduced precipitation (≈45% reduction) during summer 
at two sites in northern Minnesota, USA.  
In all experimental studies, the fluxes of the three GHGs N2O, CH4 and CO2 were 
measured in order to quantify GHG flux feedback response rates (in CO2 
equivalents) under the various treatments. The balance among net exchanges of N2O, 
CH4 and CO2 emissions was further assessed by quantifying the net soil GWP-
induced by each treatment. The mechanistic and regulatory understanding of GHG 
feedback responses was explored by explicitly considering shifts in functional 
microbial communities’ abundance and soil physicochemical properties. Specifically, 
ammonia-oxidizing archaea and bacteria and N2O-reducing bacteria for N2O, 
methanotrophs for CH4 and total bacteria for CO2. Soil abiotic properties such as 
available NH4
+
, NO3
-
, PO4
3-
, pH, moisture, temperature, texture and total C and N 
were taken into account. 
In a dryland ecosystem N2O and CO2 fluxes were limited by water whereas N2O and 
CH4 were constrained by N availability. From all the climate change treatments 
considered, increasing temperatures showed the strongest effects on GHG fluxes. 
Elevated CO2 and elevated temperature treatment effects, when combined, were less 
than additive, over a nine-month incubation period. In a boreal forest, CO2 fluxes 
were strongly reduced, but N2O and CH4 were unaffected, under combined reduced 
precipitation and warming treatments. Overall, GHG emissions demonstrated a 
positive feedback to global change treatments. Combined climate effects also tended 
xxxii 
 
to offset, to some extent, the single temperature effect. Such response was reflected 
in the net GWP-induced treatment, with CO2 being responsible for the direction due 
the larger amount being produced compared to N2O and CH4. 
Overall, the research presented in this thesis demonstrates the importance of 
functional microbes, moisture, temperature and nutrient availability in GHG 
emissions under different global change treatments. Particularly, nitrification-
mediated pathways showed a strong relationship with N2O emissions in all 
experimental studies conducted. Methane uptake, although strongly linked to 
methanotrophs abundance, was also strongly dependent on soil abiotic characteristics 
capable of affecting gas diffusion. Carbon dioxide emissions were characterized by 
higher complexity with multiple drivers responsible for net emissions, particularly 
bacterial abundance and temperature. 
My study provides a strong framework for future studies on feedback responses of 
GHG fluxes under current and future climate conditions and proposes biological 
(functional microbes) variables should be explicitly considered when developing 
mechanistic understanding regulating feedback responses.  
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CHAPTER 1 GENERAL INTRODUCTION 
1.1 Global greenhouse gas emissions 
Greenhouse gases acquired their name due to their ability to absorb infrared radiation 
emitted by the earth’s surface and thus creating a ‘greenhouse effect’. According to 
the Intergovernmental Panel on Climate Change (IPCC), human activities have led to 
an increase in GHG emissions since the 1750s which is believed to have created a 
direct impact on global warming IPCC (2013). Globally, three powerful gases have 
led to increasingly concerning atmospheric concentrations. Carbon dioxide 
concentrations are by far the greatest, increasing from 280 ppm since the industrial 
revolution to 400 ppm registered in 2013 (Monastersky, 2013). Similarly, N2O 
concentrations have increased from 270 ppb to 324 ppb, and CH4 concentrations 
from 715 ppb to 1803 ppb registered in 2011 (IPCC, 2013). Overall, N2O, CH4 and 
CO2 concentrations have exceeded pre-industrial levels by about 20%, 150% and 
40%, respectively. Nitrous oxide, despite its lowest concentration, is considered the 
single most important ozone depleting substance emitted to the atmosphere 
(Ravishankara et al., 2009). Moreover, both N2O and CH4 are far more potent than 
CO2. This is mainly due to their infrared absorption ability and atmospheric lifetime, 
leading to a 298 and 34 times higher GWP relative to CO2, respectively, on a 100-
year time horizon (IPCC, 2013). 
Human influence in increasing atmospheric GHG concentrations affects climate, 
which is reflected in increasing warming of atmosphere and oceans, but also 
reductions in snow and ice, in global mean sea level rise and some climate extreme 
events. As a consequence of warming, global mean annual temperatures are 
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predicted to increase between 1.2 and 4.8 °C by the end of the 21
st
 century, with 
terrestrial ecosystems expected to be warmer compared to oceans (IPCC, 2013). 
Snow cover is expected to be reduced in the Northern Hemisphere and precipitation 
patterns are also expected to change with higher uncertainty due to higher seasonal 
and regional variability. Climate change is also projected to affect C cycling 
processes, further contributing to an increase in CO2 concentrations in the 
atmosphere which will partially offset increases in terrestrial (and ocean) C sinks 
caused by rising atmospheric CO2. The IPCC have assessed that a large fraction of 
anthropogenic climate change is irreversible on a century to millennium time scale 
(IPCC, 2013). Therefore, it is imperative to understand GHG feedback responses 
under future climate projections to better improve current mitigation options. 
 
1.2 Sources and sinks 
1.2.1 Nitrous oxide 
Global N2O emissions are estimated to be 18.9 Tg N2O-N yr
-1
 (Syakila and Kroeze, 
2011) while N2O sinks account for roughly 13 Tg N2O yr
-1
 (IPCC, 2007). Natural 
and anthropogenic sources of N2O are dominated by a multitude of microbial-
mediated processes which comprise 87% of the global N2O emission estimates 
(Figure 1.1) Terrestrial ecosystems (represented by agriculture and soils under 
natural vegetation; Figure 1.1) constitute the main sources of N2O emissions, from 
which nitrification and denitrification pathways are thought to dominate in soils. 
Despite the fact that agricultural activities only represent 30% of the total N2O 
emissions (compared to 37% for natural soils; Figure 1.1), they are responsible for 
the recent increase in global N2O emissions, linked to increasing use of N fertilisers 
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due to the growing food demand of human population (Syakila and Kroeze, 2011, 
Park et al., 2012). In fact, agriculture is the largest source of anthropogenic N2O 
emissions, with current emission estimates including N2O emissions from fertilised 
agricultural soils and from animal production, but also indirect N2O emissions from 
N used in agriculture (Syakila and Kroeze, 2011). The principal cause responsible for 
agricultural N2O emissions is driven largely by the lack of synchronization between 
crop N demand and soil N supply, frequently leading to a 50% loss of applied N on 
average (Davidson and Kanter, 2014). 
 
 
Figure 1.1 Global sources (anthropogenic and natural sources) of atmospheric N2O. Sources 
mediated by microbial processes are represented in bold. Adapted from Syakila and Kroeze 
(2011). 
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The main sinks known to balance global N2O emissions occur in the atmosphere. 
Most N2O is removed from the atmosphere by stratosphere destruction by direct 
photolysis and oxygen reaction (Reay et al., 2007a). Soil as a global N2O sink is still 
surrounded by many uncertainties. However, it has recently been considered in 
global N2O budget estimates (Syakila et al., 2010, Syakila and Kroeze, 2011) due to 
recent reviews of N2O uptake measurements in soils and sediments (Chapuis-Lardy 
et al., 2007), suggesting possible relevance at the local scale. 
 
1.2.2 Methane 
Global CH4 emissions are estimated to be 553 Tg CH4 yr
-1
 while CH4 sinks account 
for approximately 550 Tg CH4 y
-1
, with a current imbalance of 3 Tg CH4 yr
-1
 
accumulated in the atmosphere (IPCC, 2013). Methane levels in the atmosphere were 
shown to stabilise in the 1990s but since 2007 they have been increasing again 
(IPCC, 2013). This stabilization of CH4 flux has been attributed to decreased 
Northern Hemisphere microbial sources (Kai et al., 2011) due to declining soil 
moisture supplies (Jung et al., 2010). Of the total CH4 emission budget, 69% is 
directly originated from microbial activity (Figure 1.2). Wetlands and rice fields 
account for 33% of the total emission budget and constitute, globally, the main 
source of CH4 production from terrestrial ecosystems (Figure 1.2). 
The main sinks known to balance global CH4 emissions occur in the atmosphere. 
Tropospheric destruction of CH4 by hydroxyl radicals (OH) is considered the largest 
CH4 sink, and in lower proportions stratosphere diffusion, together constituting 95% 
of the total sink budget (Reay et al., 2007b). Nevertheless, soils have a significant 
role as CH4 sinks, accounting for approximately 32 Tg CH4 y
-1
 (≈6%) from the 
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global sink budget (IPCC, 2013). Despite the fact that this contribution seems to be 
relatively small, terrestrial CH4 sinks ultimately determine if the planet Earth is a 
total source or sink of CH4. Globally, the largest CH4 uptake rates measured are in 
soils from forests (Dutaur and Verchot, 2007). Additionally, a large fraction (50-
90%) of the initially produced CH4 in the soil profile in wetlands and rice fields is 
consumed by methanotrophs, creating a much smaller rate of net CH4 emissions than 
the original production rates (Oremland and Culbertson, 1992, Reeburgh, 2003, 
Semrau et al., 2010). Hence, from CH4 sources and sinks, the microbial sink strength 
is the most responsive to disturbance by human activities (Aronson et al., 2013).  
 
 
Figure 1.2 Global sources of atmospheric CH4 (anthropogenic and natural sources). Sources 
mediated by microbial processes are represented in bold. Adapted from Conrad (2009). 
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1.2.3 Carbon dioxide 
The natural exchanges of C between the biosphere and Earth are much greater than 
the 9.8 Gt C yr
-1
 produced by fossil fuel combustion and land-use change 
(predominantly deforestation) (Table 1.1). About half the C emitted annually to the 
atmosphere by anthropogenic activities is absorbed by natural sinks in terrestrial 
ecosystems and oceans (Table 1.1). Therefore, although seemingly insignificant 
relative to natural C fluxes, they are responsible for changing the C cycle balance 
over time (U.S. DOE, 2008). 
 
Table 1.1 Anthropogenic global CO2 budget, accumulated since the industrial revolution 
(onset 1750) to 2013; mean annual Gt C yr
-1 
for 2013 and mean annual Gt C yr
-1
 from 2004-
2013. A negative flux corresponds to a gain of C by these reservoirs. Adapted from Le Quéré 
et al. (2015). 
 
Cumulative Pg C 
1750-2013 
Mean Gt C yr
-1
 
2004-2013 
Mean Gt C yr
-1
 
2013 
Emissions    
Fossil fuel combustion and 
cement production 
395 ± 20 8.9 ± 0.4 9.9 ± 0.5 
Land-use change emissions 185 ± 65 0.9 ± 0.5 0.9 ± 0.5 
Partitioning    
Atmospheric growth rate 250 ± 5 4.3 ± 0.1 5.4 ± 0.2 
Ocean sink -170 ± 20 -2.6 ± 0.5 -2.9 ± 0.5 
Residual terrestrial sink -160 ± 70 -2.9 ± 0.8 -2.5 ± 0.9 
 
Biological processes are responsible for globally driving the C cycle, particularly by 
the tightly linked processes of photosynthesis and respiration. Photosynthesis 
removes CO2 from the atmosphere (120 Gt C yr
-1
 in terrestrial ecosystems) and 
converts it into organic C which is then either incorporated into biomass or respired 
for energy production and released back to the atmosphere by both plants (60 Gt C 
yr
-1
) and heterotrophic microorganisms (60 Gt C yr
-1
) (Table 1.2; U.S. DOE (2008)). 
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Therefore, a shift in the balance of these two processes can substantially impact the 
atmospheric CO2 concentration. 
 
Table 1.2 Annual gross natural fluxes in global C cycle between Earth and atmosphere (Gt C 
yr
-1
). From U.S. DOE (2008). 
 Gt C yr-1 
Gross natural land-atmosphere C fluxes  
From atmosphere to plants 120 
To atmosphere from plants 60 
To atmosphere from soils 60 
Gross natural ocean-atmosphere C fluxes  
From atmosphere to oceans 90 
To atmosphere from oceans 90 
 
Over the past 200 years since the beginning of the industrial revolution, global 
atmospheric CO2 concentrations have increased to a total of 580 Pg C (Table 1.1). 
From that, less than half of these emissions have been accumulated in the 
atmosphere, with a large fraction of the anthropogenic C being absorbed by the 
ocean (170 Pg C) and natural terrestrial C sinks (160 Pg C). Atmospheric CO2 that is 
absorbed by terrestrial ecosystems gets stored in diverse C pools, from short-lived 
(leaves, fine roots) to long-lived (stems, soil carbon) organic matter (IPCC, 2013). 
Soils are thought to store about four times as much C as plant biomass (IPCC, 2013). 
Global C stocks in different ecosystems are presented by Dalal and Allen (2008), 
with tropical forests having the highest C stocks in aboveground vegetation, whereas 
boreal forests have the highest C stocks in soil. Estimates show that mean C sinks (t 
C ha
-1
 yr
-1
) are highest in tropical forests followed by temperate and boreal forests, 
both with equal sink strength. 
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1.3 Microbial processes, ecology and metabolic pathways in 
terrestrial ecosystems 
1.3.1 Nitrous oxide 
Several microbial processes occur simultaneously within soil microsites (Stevens et 
al., 1997), giving rise to a multiplicity of pathways by which N2O can be generated. 
Denitrification, nitrification-mediated pathways (ammonia oxidation and nitrifier 
denitrification) and nitrate ammonification or dissimilatory nitrate reduction to 
ammonium (DNRA), are the most prominent processes being studied so far (Figure 
1.3). Microbial nitrification-mediated pathways and denitrification are thought to 
dominate N2O production (Thomson et al., 2012).  
 
Figure 1.3 Main biological reactions of the N cycle producing N2O in terrestrial ecosystems. 
The N2O pool is indicated by red arrows. NH3 = Ammonia, NH4
+
 = Ammonium, NH2OH = 
Hydroxylamine, NO3
‐ = Nitrate, NO2
‐ = Nitrite, NO = Nitric oxide, N2O = Nitrous oxide, 
N2 = Di‐nitrogen, DNRA = dissimilatory nitrate reduction to ammonium. Adapted from 
Wrage et al. (2001). 
N2O ← NO2- → NO → N2O → N2
NH3 → NH2OH → NO2
- → NO → N2O → N2
N2O
NO3
-
Denitrification
Nitrification
Nitrifier denitrification
Ammonia oxidation
NH4
+
DNRA
9 
 
Nitrification-mediated processes 
Nitrification, a two-step process where ammonia (NH3) is oxidized to nitrite (NO2
-
) 
and subsequently to nitrate (NO3
-
) represents the oxidative part of the N cycle. 
Nitrous oxide is a by-product during the first step of microbial ammonia oxidation, 
when NH3 is oxidized to hydroxylamine (NH2OH) and then to NO2
-
 ((Baggs, 2011, 
Stein, 2011, Stieglmeier et al., 2014); Figure 1.3). Aerobic ammonia oxidation is 
carried out by phylogenetically distinct groups of ammonia-oxidizing archaea (AOA) 
and bacteria (AOB) (Monteiro et al., 2014). The knowledge about nitrification and 
the organisms involved changed greatly in the last few years, with the identification 
of a set of genes encoding the enzyme ammonia monooxygenase (AMO) oxidizing 
NH3 to NH2OH (Venter et al., 2004, Treusch et al., 2005) and by the cultivation of 
the first ammonia-oxidizing archaeon (Konneke et al., 2005, Tourna et al., 2008). 
The second nitrifying route for N2O production is through a denitrification pathway, 
the so called nitrifier denitrification, where NO2
-
 is reduced to NO and N2O ((Wrage 
et al., 2001); Figure1.3), as in the traditional heterotrophic denitrification pathway 
(Figure 1.3). This pathway is also carried out by aerobic AOB (Kool et al., 2010, 
2011) owing to denitrifying enzymes nitrite reductase and nitric oxide reductase, 
reducing NO2
-
 to nitric oxide (NO) and N2O, respectively (Wrage et al., 2001, 
Schmidt et al., 2004). Recently, a study by Jung et al. (2014) investigated the isotopic 
signatures of N2O produced by soil AOA and associated N2O production processes, 
attributing it to both ammonia oxidization and nitrifier denitrification, providing 
evidence of AOA ability to denitrify. However, no gene or enzyme catalysing N2O 
reduction to N2 has been demonstrated to date in ammonia-oxidizing microorganisms 
(Schreiber et al., 2012).  
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Denitrification  
Anaerobic respiratory processes such as denitrification are alternative metabolic 
pathways developed by facultative microorganisms to obtain energy for growth 
under anoxic conditions, and therefore usually repressed by oxygen (Moreno-Vivián 
and Ferguson, 1998, Cabello et al., 2004). Denitrification is usually defined as the 
reduction of NO3
-
 or NO2
-
 to NO, N2O and di-nitrogen (N2) (Figure 1.3). This 
process is usually carried out under anaerobic conditions catalysed by four 
intermediate enzymes: nitrate reductase (Nar), nitrite reductase (Nir), nitric oxide 
reductase (Nor) and nitrous oxide reductase (Nos), respectively (Morley et al., 2008). 
Denitrifying microorganisms are polyphyletic and can be mostly found in bacteria, 
but also among archaea and fungi within more than 60 genera and with several 
enzymological pathways that generate N2O (Baggs, 2011). These facultative 
organisms shift from oxygen respiration to anaerobic respiration using N oxides as 
alternative terminal electron acceptors upon the transition from oxic to anoxic 
conditions (Braker et al., 2012).  
However, the respiratory stepwise reduction may not reach the final product (N2) 
with the failure of the enzyme Nos to be expressed resulting in incomplete 
denitrification, or, due to the existence of organisms with truncated reduction 
pathways reflecting partial denitrification (Falk et al., 2010). This leads to N2O as a 
final denitrification product instead of N2, depending on environmental and genetic 
factors (Butterbach-Bahl and Dannenmann, 2011). The fact that, at the community 
level, some denitrifiers might lack the nos gene which codes Nor, can reflect a higher 
proportion of nir genes coding the Nir enzyme, and hence helping to explain N2O 
emissions in some soils (Philippot et al., 2011). Nonetheless, this is somewhat an 
incomplete observation since it does not reflect possible interactions with 
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environmental parameters regulating gene expression of the members of the 
population that possess a complete denitrification enzymatic system. As far as it is 
known, denitrifying bacteria do not induce the expression of Nos in response to N2O 
accumulation (Spiro, 2012). In summary, not all denitrifiers possess all denitrifying 
genes and, when they do, that does not necessarily mean that these genes will be 
expressed in the environment or that the gene products will function equivalently 
(Wallenstein et al., 2006a).  
Regarding N2O consumption in soil, it has been recently emphasised that microbial 
processes might have an important role in global N2O budgets due to temporary N2O 
consumption processes taking place in terrestrial ecosystems (Chapuis-Lardy et al., 
2007). This is essentially the same microbial process involved in N2O production: 
denitrification, specifically, the reaction responsible for the reduction of N2O to N2. 
Unlike the multiple mechanisms involved in N2O production, only a single dominant 
sink for N2O is known; the respiratory Nos commonly found in denitrifying bacteria 
(Thomson et al., 2012). A modelling study by Bouwman et al. (2013), showed that 
global N2 production from denitrification is much larger in comparison to N2O 
production from the same pathway. Therefore, one of the factors that can (and should 
be taken into account) contribute to the emission of N2O from bacterial populations 
is the abundance and activity of the enzymes that produce and consume N2O (Spiro, 
2012).  
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1.3.2 Methane 
Methanogenesis 
The process of CH4 production, known as methanogenesis, is an anaerobic process 
carried out by a specialized group of archaea called methanogens (Figure 1.4). 
Natural wetlands and rice fields have the highest emission rates of CH4 because of 
the predominance of highly anaerobic conditions caused by waterlogging. These 
environments act as biogenic sources of atmospheric CH4. In methanogenesis, CH4 is 
the end product of the degradation of organic matter under anaerobic conditions, by 
complex microbial communities (Conrad, 2007). Elevated soil moisture (specifically 
in waterlogged conditions), by decreasing O2 levels in soil, alter the microbial 
communities present (Mosier et al., 2004) giving opportunity to methanogenic 
archaea to perform organic matter degradation through different pathways. These 
obligate anaerobic methanogens are ubiquitous in soils, being able to remain viable 
under unfavourable conditions (Le Mer and Roger, 2001). However, methanogens 
cannot use complex organic compounds, relying on the presence of hydrolytic, 
fermenting, syntrophic and acetogenic bacteria for the initial steps of this 
biochemical process (Hedderich and Whitman, 2006). Therefore, this form of 
anaerobic respiration, through mineralization of organic carbon compounds, converts 
simple substrates such as acetate, methanol or hydrogen together with CO2 to CH4, a 
dominant end-product of energy production for growth (Laanbroek, 2010, Bodelier, 
2011).  
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Figure 1.4 Main biological reactions of the CH4 cycle. Methane is produced by 
methanogenesis, according to different metabolic pathways which in turn will be consumed 
through methanotrophy, by low affinity methanotrophs. The remaining CH4, together with 
atmospheric CH4, will be consumed by high affinity methanotrophs. Both low affinity and 
high affinity methanotrophs include two main types of methanotrophs: Type I 
(Gammaproteobacteria) and type II (Alphaproteobacteria), characterized by different 
metabolic pathways. A third group, Verrucomicrobia share many characteristics of type II 
methanotrophs. The CH4 pool is indicated by red arrows. 
 
Different methanogenic pathways are characterized by their distinct substrate needs 
but with terminal steps in common. Methyl‐coenzyme M reductase (MCR) is the key 
enzyme present in all methanogens which catalyses the final step in methanogenesis 
(Thauer, 1998), making it a suitable target for specifically detecting methanogens in 
Organic matter
Syntrophy
H2 + CO2
Formate Acetate
Methanogenesis
Fermentation Acetogenesis
Pathways:
 Hydrogenotrophic
 Aceticlastic
CH4
Methanotrophy
CH4CO2
Low affinity 
methanotrophs
High affinity
methanotrophs
Pathways:
 Type I – Serine
 Type II – RuMP
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the environment. Two forms of MCR exist; MCR‐I, which is present in all 
methanogens, and isoenzyme MCR‐II, which is additionally present only in members 
of the Methanococcales and the Methanobacteriales (Lueders et al., 2001). Most 
studies on methanogenesis have focused on natural wetlands and rice fields with 
little information being available for forest and cultivated soils (Le Mer and Roger, 
2001). Nonetheless, recent studies have shown the ubiquity of methanogens in 
upland soils, with several types of aerated soils becoming methanogenic when 
incubated under anoxic conditions (Peter Mayer and Conrad, 1990, Peters and 
Conrad, 1995, West and Schmidt, 2002, Angel et al., 2012). 
 
Methanotrophy 
Soils can effectively use CH4 through the aerobic process of methanotrophy (Figure 
1.4). Aerobic methanotrophs, also called methane oxidizing bacteria, utilize CH4 to 
CO2 for energy and C (Conrad, 2007). Methanotrophic pathways in soils are very 
similar with the initial step in CH4 oxidation being catalysed by a unique enzyme 
called methane monooxygenase (MMO) (Mosier et al., 2004). Two forms of MMO 
exist. The particulate methane monooxygenase (pMMO) found in most known 
methanotrophs (except Methylocella and Methyloferula spp.) (Vorobev et al., 2011) 
is located in the cytoplasmic membrane and the soluble methane monooxygenase 
(sMMO) found in some methanotrophs is located in the cytoplasm (Semrau et al., 
2010). In methanotrophs that have both forms of MMO, copper (Cu) is known to be 
a key factor in regulating the expression of the genes encoding both sMMO and 
pMMO as well as the activity of these enzymes (Takeda et al., 1976, Stanley et al., 
1983).  
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At relatively high CH4 concentrations, methanotrophic communities appear to 
preferentially express sMMO (Chen et al., 2007, Chen et al., 2008) although 
regulation of gene expression in methanotrophs still remains unclear (Semrau et al., 
2010). In many environments where anoxic conditions predominate, and thus the 
production of CH4 by methanogenic archaea is a major source, methanotrophs act as 
a crucial buffer to the high amounts of CH4 produced, consuming a large proportion 
before it escapes to the atmosphere (Reay, 2003). In these environments (often 
waterlogged soils and sediments) methanotrophic bacteria can co-exist with 
methanogens due to semi-oxic conditions, utilizing oxygen leaking from plant roots 
or oxic substrates at the surface layer of the soil (Conrad, 2007). Here, the so-called 
‘low-affinity’ methanotrophs predominate which are adapted for growth at high CH4 
concentrations (> 10 000 ppm) and are amenable to isolation and cultivation (Reay, 
2003).  
In contrast, CH4 already present in the atmosphere (≈ 1.8 ppm), and therefore in trace 
amounts compared to anoxic environments, is utilized by specialized methanotrophic 
bacteria named ‘high affinity’ methanotrophs, present in aerobic conditions, such as 
in forest environments (Reay, 2003, Kolb, 2009). In these poor energy source 
environments, methanotrophs require high affinity enzyme systems for the lower 
substrate concentration available (Kolb, 2009). However, their identity and ecology 
are still fairly unknown due to the difficulty in isolating and maintaining them in 
pure culture (Hanson and Hanson, 1996, Bull et al., 2000, Kolb, 2009). The 
consumption of atmospheric CH4 by methanotrophs in aerobic soils is considered a 
major global sink, contributing with 9-47 Tg y
-1
 of atmospheric CH4 to the global 
CH4 budget (IPCC, 2013). For this reason, forest soils have been extensively studied 
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since they represent a major component of the terrestrial CH4 sink (Dalal and Allen, 
2008).  
 
1.3.3 Carbon dioxide 
Aboveground vegetation is capable of fixing atmospheric CO2 in the presence of 
light, part of which is later released back into the atmosphere through autotrophic 
plant respiration. At the same time, the newly fixed C by plant leaves is released into 
the soil in the form of root exudates, becoming a source of energy for soil 
heterotrophic respiration, together with litter (Singh et al., 2010). Hence, depending 
on the substrate supply, soil CO2 production can be attributed to autotrophic root 
respiration and heterotrophic microbial respiration. Microbial respiration can take 
place in the rhizosphere, by direct consumption of labile root exudates, but also from 
decomposition of litter and soil organic matter (Figure 1.5). At the biochemical level 
CO2 is produced aerobically through the tricarboxylic acid cycle (also known as the 
Krebs cycle) and anaerobically through the fermentation of glucose (Luo and Zhou, 
2006b). 
The rhizosphere is the region near the root surface where plant-microbe interactions 
occur. This region is highly favourable for microorganisms, particularly bacteria and 
mycorrhizal fungi who are the primary microbial decomposers of root exudates in 
the rhizosphere. They also play a role in the breakdown of live and dead bacterial 
and fungal cells. However, bacteria are limited by their low mobility, thus being 
dependent on diffusion, mass-flow through water movement and carry-over via root 
elongation of the simple substrate compounds. Fungi, particularly mycorrhizae, are 
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widespread microorganisms colonizing plant roots and thus are capable of 
consuming carbohydrates translocated to plant roots after photosynthesis. 
 
 
Figure 1.5 Schematic representation of soil CO2 production processes in forests. Upward 
arrows represent CO2 release to the atmosphere from corresponding sources. 2, 3 and 4 refer 
to microbial driven CO2 production. Adapted from Luo and Zhou (2006b). 
 
CO2
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Litter decomposition, ultimately resulting from leaching, fragmentation and chemical 
alteration of dead organic matter, contributes to a significant amount of CO2 
produced to the atmosphere. The compounds easily available through leaching are 
directly decomposed by gram-negative bacteria and some fungi. Fragmentation is a 
process mainly driven by soil fauna such as protozoa, nematodes and mites, by 
fragmenting larger portions of litter. And finally, chemical alteration is a 
consequence of the activity of bacteria and fungi. Due to their heterotrophic nature, 
bacteria and fungi obtain C and energy by degrading organic compounds such as 
plant residues and dead soil organisms present in the soil and are the main initial 
decomposers of dead plant material in terrestrial ecosystems. 
Lastly, soil organic matter is the organic fraction of the soil which supplies nutrients 
for plant growth, contributes to cation exchange capacity, and improves soil 
structure, ultimately corresponding to the fraction of C sequestered by the soil. It is 
constituted mostly by highly complex humic substances which are difficult to break 
down. Generally, temperature and precipitation from a particular ecosystem plays an 
important role by regulating the inputs of soil organic C from live biomass and the 
production of CO2 back to the atmosphere. Breakdown of soil organic matter through 
decomposition is mostly performed by bacteria and fungi (Six et al., 2006). Hence, 
total soil respiration is usually used as a measure of net CO2 fluxes from soils, 
derived from several different production processes (Raich and Tufekciogul, 2000). 
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1.4 Greenhouse gas emissions in forest soils and its global 
importance 
Forests are an important biome because they act as C sinks (IPCC, 2013), with 20% 
of the CO2 found in the atmosphere transit annually through forests (Blais et al., 
2005). Increasing atmospheric CO2 concentration and N deposition is also thought to 
increase the C sink strength of these systems, and are attributed to CO2 fertilisation 
effects on plant photosynthesis, as well as N fertilisation and climate effects (Table 
1.3, Table 1.4). Other processes responsible for terrestrial C sinks are forest regrowth 
and afforestation, changes in forest management and reduced harvest rates (IPCC, 
2013). Forests act as a C sink mostly due to their capacity to remove CO2 from the 
atmosphere through photosynthesis and storing it as aboveground and belowground 
biomass, with forest soils expected to store four times more C than plants (IPCC, 
2013). Studies have shown that fertilisation and afforestation practices are capable of 
reducing soil CO2 emissions, whereas irrigation practices are capable of increasing 
them (Table 1.3). Under increasing CO2 concentrations and temperature, soil CO2 
fluxes are also expected to increase whereas under reduced precipitation, studies 
have shown no changes or reduction of CO2 emissions, particularly if interacted with 
elevated temperature (Table 1.4).  
Forest ecosystems also act as a main soil CH4 sink, due to atmospheric CH4 
oxidation by methanotrophic bacteria. Not only they are the only non-atmospheric 
CH4 sink on Earth, atmospheric CH4 oxidation occurring in the soil is also capable of 
shifting the balance between soil being a sink or source of net CH4 emissions (Tate, 
2015). Therefore, afforestation and reforestation is capable to enhance CH4 oxidation 
by changing the composition and activity of methanotroph community (Nazaries et 
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al., 2011) whereas fertilisation and irrigation is thought to decrease CH4 sink (Table 
1.3). Under future climate change conditions, CH4 fluxes have shown variable 
responses, with increasing net emissions under elevated CO2 but also a sink increase, 
decrease or no changes, under elevated temperature, reduced precipitation or when 
elevated temperature interacted with elevated CO2 (Table1.4).  
Nitrous oxide emission rates, a by-product of nitrification and denitrification 
processes, are usually characterized by enormous spatio-temporal variability, 
depending primarily on N availability, with soils usually acting as a net emitter. 
Agricultural soils, due to application of inorganic N fertilisers, are responsible for 
increasing atmospheric N2O emissions, but soils under natural vegetation also 
contribute, although in much lower emission rates (Dalal and Allen, 2008). Thus, 
under fertilisation practices N2O emissions tend to increase, whereas under 
afforestation tend to decrease (Table 1.3). Under elevated CO2 and temperature N2O 
emissions have been reported to increase, whereas under reduced precipitation tend 
to decrease.  When reduced precipitation is combined with elevated temperature N2O 
emissions have been shown to increase but in a less than additive way (Table 1.4). 
Altogether, expansion of land occupied by forest in parallel to changes in 
management practices may be important measures for long-term mitigation strategies 
of global anthropogenic emissions under future climate change conditions.  
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Table 1.3 Management practices and land-use change (afforestation) impacts on N2O, CH4 
and CO2 emissions from field and laboratory studies. 
Treatment Findings* Ecosystem type Location References 
Fertilisation N2O increase - - 
Aronson and Allison 
(2012) and references 
therein 
Fertilisation CO2 reduction Temperate forest 
Massachusetts, 
USA 
Bowden et al. (2004) 
Fertilisation N2O weak increase 
Agricultural semi-
arid soil 
Western 
Australia, 
Australia 
Barton et al. (2008) 
Fertilisation N2O, CH4 
Semi-arid and arid 
zones 
- 
Galbally et al. (2008) 
and references therein 
Fertilisation CO2 reduction 
Aspen, pine, 
grassland 
Rocky mountains, 
Colorado, USA 
Ramirez et al. (2010) 
Irrigation 
CH4 emissions increase; 
N2O uptake apparent 
under dry conditions 
Old pasture 
Northern 
Australia 
Grover et al. (2012) 
Irrigation CO2 emissions increase 
Temperate semiarid 
steppe 
Inner Mongolia, 
China 
Yan et al. (2011) 
Afforestation 
CH4 sink reduction; 
Decline in biomass of 
active methanotrophs 
Grassland to forest Siberia, Russia 
Menyailo et al. 
(2008) 
Afforestation 
CH4 sink increase; 
Different active 
methanotroph 
communities; 
CO2 emissions decrease 
Pasture to forest New Zealand Tate et al. (2007) 
Afforestation 
N2O emissions decrease; 
CH4 sink increase 
Australian 
temperate, 
Mediterranean, and 
subtropical regions 
New South 
Wales, Western 
Australia and 
Queensland, 
Australia 
Allen et al. (2009) 
Afforestation 
N2O emissions decrease; 
CH4 sink increase 
- 
Western 
Australia, 
Australia 
Livesley et al. (2009) 
*Major findings and other studies have been referenced and discussed in Chapter 2. 
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Table 1.4 Climate change impacts on N2O, CH4 and CO2 emissions from field and 
laboratory studies. 
Treatment Findings* Ecosystem type Location References 
Elevated CO2 
N2O emissions increase; 
CH4 emissions increase 
Upland soils; 
Wetlands and rice 
fields 
- 
van Groenigen et al. 
(2011) 
and references 
therein 
Elevated CO2 
N2O emissions increase; 
CH4 emissions increase 
Upland soils, 
Wetlands/peatlands, 
rice fields 
- 
Dijkstra et al. (2012) 
and references 
therein 
Elevated CO2 
N2O emissions increase; 
amoA and nirK, nirS, nosZ 
gene abundances decrease 
Grassland Giessen, Germany Regan et al. (2011) 
Elevated CO2 CO2 emissions increase Grassland Minnesota, USA Adair et al. (2011) 
Elevated 
temperature 
N2O emissions increase; 
CH4 sink increase 
Upland soils - 
Dijkstra et al. (2012) 
and references 
therein 
Elevated 
temperature 
N2O emissions increase 
Temperate 
heathland 
Copenhagen, 
Denmark 
Larsen et al. (2011) 
Elevated 
temperature 
N2O emissions increase 
amoA and nosZ gene 
abundances increase 
Grassland 
Massif Central, 
France 
Cantarel et al 2012 
Elevated 
temperature 
CH4 sink increase Tundra ecotone 
Sør-Trøndelag and 
Finnmark, Norway 
Norrbotten, Sweden 
Sjögersten and 
Wookey (2002) 
Elevated 
temperature 
CH4 sink decrease Semi-arid grassland 
Wyoming, United 
States 
Dijkstra et al. (2011) 
Elevated 
temperature 
CO2 emissions increase 
Temperate spruce 
forest 
Achenkirch, Austria 
Schindlbacher et al. 
(2012) 
Elevated 
temperature 
CO2 emissions increase Boreal forest Manitoba, Canada Bronson et al. (2008) 
Elevated 
temperature 
CO2 emissions increase 
Mixed deciduous 
forest 
Massachusetts, USA Melillo et al. (2011) 
Elevated CO2 x 
Elevated 
temperature 
No effect on CH4 sink Semi-arid grassland 
Wyoming, United 
States 
Dijkstra et al. (2011) 
Elevated CO2 x 
Elevated 
temperature 
N2O and CH4 sink decrease Semi-arid grassland Wyoming, USA Dijkstra et al. (2013) 
Reduced 
precipitation 
N2O emissions decrease; 
CH4 sink increase; no 
effect on CO2 emissions 
Tropical forest Santarem, Brazil 
Davidson et al. 
(2004) 
Reduced 
precipitation 
N2O sink increase 
Norway spruce 
forest 
Bavaria, Germany 
Goldberg and 
Gebauer (2009) 
Reduced 
precipitation 
N2O emissions decrease 
Temperate 
heathland 
Copenhagen, 
Denmark 
Larsen et al. (2011) 
Reduced 
precipitation 
CH4 sink increase Temperate forest Massachusetts, USA Borken et al. (2006a) 
Reduced 
precipitation 
CO2 emissions decrease 
Temperate spruce 
forest 
Achenkirch, Austria 
Schindlbacher et al. 
(2012) 
Reduced 
precipitation x 
Elevated 
temperature 
N2O emissions decrease 
(additive) 
Temperate 
heathland 
Copenhagen, 
Denmark 
Larsen et al. (2011) 
Reduced 
precipitation x 
Elevated 
temperature 
N2O emissions increase 
(less than additive) 
Grassland 
Massif Central, 
France 
Cantarel et al 2012 
Reduced 
precipitation x 
Elevated 
temperature 
CO2 emissions decrease 
(antagonistic) 
Temperate spruce 
forest 
Achenkirch, Austria 
Schindlbacher et al. 
(2012) 
* Major findings and other studies have been referenced and discussed in Chapter 3 and 4. 
23 
 
1.5 Drivers of greenhouse gas flux feedback responses to global 
change 
Different levels of environmental control regulate the emissions of N2O, CH4 and 
CO2 from soil to the atmosphere. These are primarily biological (specifically 
microbes) and abiotic. The vast majority of net GHG emissions in the soil arises 
from microbial pathways, as described above. However, these are directly affected 
by soil physicochemical properties of abiotic character, which create specific soil 
matrix characteristics. Thus directly impacting the microbial communities inhabiting 
the soil micro sites, by establishing optimum (or suboptimum) conditions for growth 
and enzymatic activity and indirectly by favouring gas diffusivity along the soil 
profile into the atmosphere (Figure 1.6). The gaseous products originating from the 
soil matrix will hence be a balance between biological sources and sinks, and the 
environment surrounding them. 
Global changes, large-scale modifications affecting Earth systems, such as 
anthropogenic management-practices, land-use change or climate change have been 
extensively debated in the last decades. However, it has been difficult to identify one 
main driver of changes in GHG emissions since global change factors often occur 
simultaneously, varying in time and space (Allaire et al., 2012, Brown et al., 2012, 
Gutknecht et al., 2012). Levels of CO2 in the atmosphere are expected to keep rising 
together with atmospheric temperature and, while predictions on future precipitation 
patterns are still uncertain, high seasonal and regional variability are expected (IPCC, 
2013). Land-use change often includes a combination of different forms of 
management and simultaneous changes in climate factors will eventually lead to 
modifications in land-use and management practices.  
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Figure 1.6 Conceptual framework to study drivers of GHG fluxes in terrestrial ecosystems. 
Nitrous oxide production is carried out by specialised, but distinct microbial communities 
whereas CH4 is mainly produced and consumed by single specialised microbial 
communities. Soil CO2 emissions are produced by a multitude of microbial processes taking 
place simultaneously in the soil together with plant root respiration. Greenhouse gas 
emissions are known to be influenced by soil characteristics (e.g. temperature, water content, 
pH). However, the control of GHG fluxes by microbial communities at the ecosystem scale 
is not fully understood. Nonetheless, it is believed that changes in community abundance, 
diversity and structure may influence the rate and magnitude of GHG fluxes. Global change 
(climate change, land-use change, management practices) may influence both soil abiotic 
and biological controls which will have consequences in terms of global estimates of GHG 
budgets. 
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1.6 Research case and thesis outline 
Many environmental factors influence the production and consumption of GHG 
emissions, and the complexity often associated with biotic and abiotic drivers at 
small scales makes it harder to upscale the mechanistic understanding to landscape, 
regional and global levels. A large number of studies have focused on soil abiotic 
drivers of N2O, CH4 and CO2 emissions and extrapolated their impact on microbial 
processes (Bowden et al., 2004, Davidson et al., 2004, Barton et al., 2008, Adair et 
al., 2011, Dijkstra et al., 2013, Yan et al., 2014). Substrate availability, temperature, 
precipitation (and soil water), pH, soil texture, aeration and diffusion are usually the 
main soil properties attributed to soil-atmosphere gas exchange.  
Mineral N levels (NH4
+
 and NO3
-
), water-filled pore space (WFPS) and soil pH are 
major factors determining N2O emissions whereas O2 diffusivity, water and substrate 
availability are more essential in the case of CH4 (Dalal and Allen, 2008). Such 
specificity is due to the fact that only a few functional microbial groups are capable 
of producing N2O. Nonetheless, ultimately all these reactions are controlled at the 
enzymatic level, and N2O producing microorganisms (mostly nitrifiers and 
denitrifiers) are highly dynamic when it comes to be carriers of multiple key 
enzymes (Butterbach-Bahl et al., 2013). In the case of CH4, this function is even 
more restricted with only methanogenic archaea known to produce CH4 and 
methanotrophic bacteria known to be capable of consuming CH4. In contrast, easily 
decomposable organic material (substrate availability), temperature, moisture, O2, N, 
soil pH and soil texture are the major factors determining soil respiration (Luo and 
Zhou, 2006a). The higher complexity of abiotic drivers is directly related to the large 
number of living organisms in soil that contribute to CO2 production. Physical 
properties of the soils, although not directly affecting microbial communities, are 
26 
 
extremely important and should not be underestimated. Soil texture and structure 
directly determines soil micro- and macro- site distribution, and hence soil aeration 
and oxygen diffusion, the latter being a key compound controlling aerobic and 
anaerobic microbial processes. Details of current understanding and knowledge gaps 
related to a particular treatment/scenario are further discussed in each of the 
following experimental chapters. 
In the last decades, global changes attributed to human activities have been studied in 
order to understand how current GHG budgets are impacted by increasing N 
fertilisation, irrigation and other management practices, land-use change, warming, 
increasing CO2 and changing precipitation patterns (Table 1.3, Table 1.4). The 
findings varied between treatment, ecosystem types and GHG studied. There is a 
large uncertainty related to projection of GHG fluxes under future climate and 
general lack of mechanistic understanding which determines the direction and 
magnitude of feedback responses. Hence, the direction and magnitude of GHG 
responses (feedback responses) to changing climate and current management 
practices needs to be quantified in order to improve national inventories and 
mitigation policies. 
Climate change not only has a major impact on the metabolism, growth and diversity 
of aboveground vegetation but is also capable of directly changing the temperature 
and moisture content of soil. These changes can be both direct (for e.g. increased soil 
temperature due to warming and reduced water inputs into soil due to changing 
precipitation events) and indirect (increasing soil moisture due to elevated CO2) and 
hence affect N2O, CH4 and CO2 production and consumption processes. However, 
very few studies have assessed the impact of multiple climate change factors 
(Dijkstra et al., 2011, Larsen et al., 2011, Cantarel et al., 2012, Schindlbacher et al., 
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2012, Dijkstra et al., 2013) as well as other human disturbances (Table 1.3; Table 
1.4). Due to the stronger GWP of N2O and CH4, these gases need to be taken into 
account, in addition to CO2, to better assess the overall impact of global changes on 
soil net GWP. Global warming potential is an emission metric capable of changing 
over time and is widely used to implement comprehensive and cost-effective policies 
so nations and industries can create mitigation policies (IPCC, 2013). Therefore, in 
order to allow comparison between GHGs, this metric should be used when studying 
GHG emissions.  
Recent work has improved microbial community characterization across a variety of 
soils in different climates and land-uses but few have included soil microbial 
communities into interactive climate change studies in addition to abiotic soil 
characteristics as a comprehensive approach to study GHG feedback responses. Most 
studies include only soil abiotic parameters as possible explanations for changes in 
GHG fluxes with less knowledge available on the magnitude of the microbial 
contribution to net emissions. Currently, the ability to predict changes in GHG fluxes 
is limited, not only because of poor field-based experimentation that encompasses 
multiple interactions under future global change scenarios, but also because of the 
difficulty in linking microbial communities to ecosystem function, both qualitatively 
and quantitatively.  
The overarching aims of this thesis were:  
(1) to quantify the impact of different global change treatments on feedback 
responses of N2O, CH4 and CO2 fluxes and,  
(2) to identify key microbial and abiotic predictors of GHG emissions in 
forest ecosystems.  
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To accomplish this, both field manipulative and laboratory controlled experiments 
were performed, followed by a similar methodological approach where GHG fluxes 
were measured in situ, soil physicochemical properties were determined, and 
abundances of key microbial groups associated with N2O, CH4 and CO2 emissions 
were assessed. 
Chapter 2 examines the effect of management practices, namely solid fertilisation, 
irrigation and liquid fertilisation x irrigation, as well as afforestation effects (from 
grassland to Eucalyptus plantation) on a dry subhumid ecosystem in New South 
Wales, Australia. 
Chapter 3 examines the effects of elevated CO2 (400 ppm vs 600 ppm increase) and 
temperature (ambient vs +3°C increase) treatments and their combined effects on soil 
monoliths from different dryland sites with low nutrient availability from New South 
Wales, Australia. This study took place in controlled-environment facilities. 
Chapter 4 examines the combined effects of warming (+3.4°C) and reduced 
precipitation (≈45% reduction) at the B4WarmED (Boreal Forest Warming at an 
Ecotone in Danger) project, located in two boreal forest sites in northern Minnesota, 
USA, under both closed and open overstory conditions. Measurements were taken 
throughout one full growing season (from May to October 2013) after five years of 
warming implementation and two years of reduced precipitation. 
The following paper from Chapter 2 of this PhD thesis has been published: 
Martins, C. S. C., Nazaries, L., Macdonald, C. A., Anderson, I. C. & Singh, B. K. 
2015. Water availability and abundance of microbial groups are key determinants of 
greenhouse gas fluxes in a dryland forest ecosystem. Soil Biology and Biochemistry, 
86, 5-16.  
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CHAPTER 2 WATER AVAILABILITY AND 
ABUNDANCE OF MICROBIAL GROUPS ARE KEY 
DETERMINANTS OF GREENHOUSE GAS FLUXES IN 
A DRYLAND FOREST ECOSYSTEM 
 
2.1 Introduction 
Intensive anthropogenic disturbances in terrestrial ecosystems are rapidly increasing 
concentrations of N2O, CH4 and CO2 gases released to the atmosphere, which 
directly affects global surface temperatures (IPCC, 2013). Human activities can 
directly change GHG fluxes and alter how terrestrial ecosystems influence the 
climate and future GHG emission budgets. Dryland ecosystems (hyper-arid, arid, 
semi-arid and dry sub-humid ecosystems) are particularly important and cover about 
41% of Earth’s terrestrial surface (Millennium Ecosystem Assessment, 2005). They 
are expected to expand further by 10% globally under predicted climate change 
(Feng and Fu, 2013). These ecosystems are characterized by extremely low 
availability of soil water and nutrients, resulting from low precipitation and high 
evaporation (Delgado-Baquerizo et al., 2013) and hence, are considered to be highly 
vulnerable ecosystems. The expected expansion of dryland ecosystems not only 
impact human populations (Reynolds et al., 2007) but can also affect current GHG 
fluxes from these ecosystems and further contribute to increasing GHG emissions 
into the atmosphere (Feng and Fu, 2013). In fact, even though studies in arid-zone 
soils are rare, both CH4 oxidation (Dalal et al., 2008) as well as N2O emissions are 
reported (Galbally et al., 2008), the latter occurring mostly after summer rainfall 
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(Barton et al., 2013).  However, the mechanisms and drivers of GHG production and 
consumption in dryland ecosystems are not fully understood.  
Forestry plantations routinely use fertilisation (N, P, and K) and irrigation practices 
to maximize wood production by shortening rotation times. This is intended to 
overcome nutrient and water deficiencies that are common in many Australian, and 
other dryland soils. Furthermore, changes in land-use are occurring continuously, 
with conversion of native woodland to grazed pastures as well as conversion of 
pasture to forest plantations. The latter known to improve CH4 consumption rates, 
reduce N2O emissions from soil and increase C sequestration (Dalal et al., 2008, 
Allen et al., 2009, Livesley et al., 2009). As a consequence, some studies have 
addressed the impact of land-use change on GHG fluxes in Australian soils (Livesley 
et al., 2009, Grover et al., 2012) but much less is known about how fertilisation and 
irrigation affect GHG emissions from nutrient poor soils in forest systems, and how 
they alter functional microbial groups responsible for these emissions  (Hu et al., 
2015).  
Because microbial communities play a central role in the production and mitigation 
of all GHGs, it is essential to understand how key functional microbial groups will 
respond to management practices and land-use change in order to improve the 
prediction of total GHG fluxes under current and future forestry management 
practices. In fact, knowledge of responses of GHG fluxes and their biotic drivers are 
practically sparse in dryland forests, with recent evidence drawing attention to the 
great importance of water and N availability in the net primary production and 
biological activity in dryland forest ecosystems (Austin et al., 2004, Delgado-
Baquerizo et al., 2013). Field studies of forest fertilisation have mostly taken place in 
temperate and boreal forest ecosystems in the Northern Hemisphere (Levy-Booth et 
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al., 2014) where water and nutrient limitation is less likely. Studies that link soil 
characteristics and N and C cycling dynamics to microbial functional dynamics are, 
therefore, essential for identifying the key environmental drivers of GHG flux in 
dryland forest ecosystems, and particularly to incorporate biological factors into 
predictive models to improve the accuracy of GHG emissions projections. This study 
aimed at quantifying the long-term (six years) effect of fertilisation and irrigation on 
N2O, CH4 and CO2 emissions in a Eucalyptus plantation, and the impact of land-use 
change from grassland to forest, within a dry sub-humid ecosystem. This study 
further identified key environmental drivers within microbial and abiotic variables 
from soil. In addressing these aims I hypothesized that water addition and 
fertilisation could favour N2O, CH4 and CO2 emissions by increasing nutrient and 
water availability to soil microbial communities and land-use change would help 
mitigate GHG emissions. 
 
2.2 Materials and methods 
2.2.1 Field site description 
The experimental field study is situated at the Hawkesbury Forest Experiment 
(33°36′40″S, 150°44′26.5″E), Richmond, NSW, Australia. The field site covers five 
ha and was a paddock which had been converted from native pasture grasses more 
than a decade earlier. The soil, a sandy loam formed on alluvial deposits is classified 
as a Chromosol within the Clarendon formation (Australian soil classification). It is 
characterized by low organic matter content (0.7%) and low N (< 1 mg kg
-1
) and P (8 
mg kg
-1
) concentrations. The mean annual temperature at the site is 17C, and the 
32 
 
average annual precipitation is 801 mm, with a precipitation/evapotranspiration ratio 
of 0.6, classifying it as a dry sub-humid environment under UNEP classification 
(Millennium Ecosystem Assessment, 2005). Full soil characteristics and climate 
description are described in Barton et al. (2010). 
A plantation of Sydney blue gum (Eucalyptus saligna Sm.) consisting of 1000 trees 
ha
-1
 was established in April 2007. Three different management practices, namely 
irrigation (I), solid fertilisation (F) and irrigation x liquid fertilisation (IF), were 
initiated together with a control treatment (C) which received no irrigation or 
fertilisation. Four experimental plots (38.5 m × 41.6 m = 1601.6 m
2
) were replicated 
in a randomized block design and all trees were initially supplied with 50 g 
diammonium phosphate starter blend (N 15.3%, P 8.0%, K 16.0%, S 7.7%, Ca 0.3%) 
to promote tree establishment. The first fertilisation event in F and IF was undertaken 
in January 2008 as a solid N fertiliser (N 20.6%, P 3.0%, K 7.5%, S 3.8%, Ca 4.4%) 
at a rate of 25 kg N ha
-1
 yr
-1
. From October 2008, solid N fertiliser (N 21.6%, P 
8.1%, K 12.0%, S 0.6%) was applied uniformly to F, and IF started with the addition 
of a complete liquid fertiliser (N 20.8%, P 7.9%, K 15.6%) plus liquid N fertiliser 
(urea-N 46%). Both treatments were at a rate of 150 kg N ha
-1
 yr
-1
 and 55 kg P ha
-1
 
yr
-1
. In I treatment, grey water (pH 8.8, total N 0.6 mg/L, total P 3.0 mg/L) has been 
supplied since the establishment of the field site at a rate of 7-20 mm every 4 days, 
according to season and precipitation events. The irrigation rate applied to IF was the 
same to I treatment. The irrigation treatments were applied all year round, while the 
fertilisation treatments occur only during the growing season (September to May). In 
total, 16 field plots comprising four different experimental treatments were 
considered in this study, together with four areas of grassland (G) surrounding the 
forest plots in order to assess the effect of afforestation (Figure 2.1A-2.1C).  
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Figure 2.1 Hawkesbury Forest Experiment showing (A) irrigation plot, (B) grassland and 
(C) solid fertilisation plot with gas chamber apparatus during GHG sampling. Photographs 
taken in 2012 by C. S. C. Martins. 
 
2.2.2 Greenhouse gas flux measurement 
Greenhouse gas fluxes (N2O, CH4 and CO2) were measured seasonally, every 12 
weeks, from the beginning of May 2013 to the end of January 2014 using a static 
chamber technique (in a total of four sampling dates). All sampling activities were 
carried out after four weeks of solid fertiliser application and 3-4 days after irrigation 
in order to avoid potential short-term effects on flux rates and microbial 
communities. Initially, three trees were randomly selected within each plot, avoiding 
the buffer zone at the edges (first two rows of trees), for the location of chamber base 
for GHG collection, constituting three replicates for each replicated field plot. Three 
polyvinyl chloride (PVC) chamber base (Figure 2.1C; diameter = 24 cm, height = 21 
(A) (C)
(B)
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cm) were inserted 10 cm into the soil in each plot, between trees favouring litter 
areas when possible. Chamber bases were installed 24 hours before measurements 
were taken in order to minimise soil disturbance impact on GHG fluxes. A lid was 
used to close the chamber bases, after which air samples (20 ml) were taken from the 
headspace (headspace volume = 4976 cm
3
) after 0, 20, 40 and 60 minutes using a 
sampling port. Briefly, 20 ml of air was collected using a 25 ml luer-lock plastic 
syringe fitted with a three-way tap using a hypodermic needle 25 mm, 25G.  The gas 
sample was immediately injected into a pre-evacuated 10-mL glass vial (Agilent 
Technologies, USA) sealed with a butyl rubber stopper and aluminium seal (Sigma-
Aldrich, USA). Measurements were taken between 10 am and 2 pm, to minimise 
diurnal temperature variations (Collier et al., 2014). Gas samples were analysed for 
N2O, CH4 and CO2 concentration within 1 day of sampling on a 7890A gas 
chromatograph with a G1888 network headspace sampler (Agilent Technologies, 
USA) equipped with a flame ionization detector (FID) for CH4, a micro electron 
capture detector (µECD) for N2O and a methanizer to convert CO2 to CH4 for 
detection by FID. This system uses two 1/8” stainless steel packed columns (80/100 
HayeSep Q, Supelco, USA). Concentrations were estimated based on an in-house 
calibration curve. This was obtained from a series of dilutions from known standard 
concentrations (1 ppm for N2O, 5 ppm for CH4 and 600 ppm for CO2) and repeated 
every time new standard bottles were used. Standards were included for each run, 
every 20 samples, to check for accuracy. In order to assess chamber methodology 
accuracy, minimum detectable fluxes (MDF) were obtained as in de Klein and 
Harvey (2012). Briefly, 20 ambient air samples were manually collected and 
analysed in the same manner as chamber headspace samples, from which the 
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sampling/analytical precision (defined by the coefficient of variation) was obtained 
for each gas. 
Fluxes were calculated for all seasons as the slope of the linear regression from the 
measured gas concentrations with time (Matthias et al., 1980) and expressed as 
micrograms of N2O-N/CH4-C per square meter per hour (µg N2O-N/CH4-C m
2
 h
-1
) 
or milligrams of CO2-C per square meter per hour (mg CO2-C m
2
 h
-1
). To avoid bias 
against low fluxes, fluxes below MDF were not discarded (de Klein and Harvey, 
2012). Nitrous oxide, CH
4 and CO2 fluxes were also upscaled to yearly estimates and 
reported as kilograms of CO
2 
equivalents per hectare per year (kg CO
2
eq ha
–1 
yr
–1
), 
based on a 100-year time horizon (IPCC, 2013), which allowed for comparison 
between GHG
 
flux responses. This was achieved by multiplying the hourly flux 
primarily obtained by the respective GWP (298 for N2O, 34 for CH4 and 1 for CO2) 
and extrapolating daily fluxes to 365 days. Greenhouse gas fluxes presented as 
negative values represent gas sink taking place in the soil.  
Because the treatments considered here play an essential part in determining the 
GHG balance of soils, further assessment of their impact on the net GWP balance 
was considered, followed by the contribution of the treatment-induced N2O, CH4 and 
CO2 individual emissions to the net GWP, according to Lubbers et al. (2013). 
Treatments that increase GHG emission balance into the atmosphere and hence have 
a higher GWP are represented as positive values whereas treatments that decrease the 
GHG emission balance into the atmosphere are represented as negative values. 
Briefly, the net GWP of each treatment and the contribution of each gas to the net 
GWP were based on the transformed emissions in kg CO
2
eq ha
–1 
yr
–1
, for a 100-year 
time horizon. Subsequently, the transformed emission values of N2O, CH4 and CO2 
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were added up for the experimental and control groups separately, after which the 
magnitude of the treatment-induced effect on the net GWP could be determined. It 
was calculated as the natural logarithm of the response ratio (R): 
ln R = ln (E/C) 
where E is the sum of annual CO2eq of N2O, CH4 and CO2 emissions from 
experimental treatment (afforestation, I, F and IF respectively) and C is the sum of 
annual CO2eq of N2O, CH4 and CO2 emissions from control group (C in the case of 
management practices and G in the case of land-use change). The contribution of 
each individual gas to the net GWP was calculated as follows:  
% contribution CO2eq (CH4/N2O/CO2) to the net GWP = ((CO2eq-
(CH4/N2O/CO2))experimental - (CO2eq-(CH4/N2O/CO2)control) /  (((CO2eq-N2O) + 
(CO2eq-CO2) + (CO2eq-CH4)) experimental - ((CO2eq-N2O) + (CO2eq-CO2) (CO2eq-
CH4) control)))  
In case of negative net GWP values, i.e., when the control group had a larger value 
for at least one CO2 eq - GHG than the experimental group, the separate treatment 
effects on N2O, CH4 and CO2 emissions were calculated with the same formula, 
except the experimental group was subtracted from the control group (under the 
slash). This was done to make sure that the % contributions of N2O, CH4 and CO2 
would add up to 100%.  
 
2.2.3 Soil sampling and analyses 
Soil temperature was measured in triplicate using a portable probe (Jaycar 
electronics, Sydney, Australia) at 0-12 cm soil depth next to each chamber during 
GHG collection. Soil samples were collected after GHG collection, for each of the 
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replicate treatments during four seasons (autumn, winter, spring and summer). Two 
soil cores (2.0 cm diameter, 0-20 cm depth) were collected and sieved through a 2 
mm‐mesh sieve. Subsamples were taken and stored at -80C before DNA extraction. 
The remainder was stored at 4C prior to physical (particle size and gravimetric 
water content) and chemical (pH, NH4
+
, NO3
-
, PO4
3-
, total C, total N) analyses. Fresh 
soil was dried at 40°C for at least 4 days until constant weight for particle size, PO4
3-
 
and total C and N determination. The latter was only measured at the beginning and 
end of the experiment (autumn and summer). Water-filled pore space in the top 0-20 
cm of the soil was calculated as the ratio of the gravimetric soil moisture to total 
porosity  whereas soil porosity was calculated based on bulk densities measured at 0–
5 cm soil depth in 2012 and assuming a particle density of 2.65 g cm
-3
 (Blake, 2008).  
Bulk density corresponded to oven-dry soil weight (105C for 24h) of known 
volume. Soil particle size was determined in 2012 for all the field plots considered. 
 
2.2.4 Soil physicochemical analyses 
Soil gravimetric water content was measured by drying fresh soil at 105°C for 24 h. 
Values were calculated as percentage of soil dry weight. Soil pH was measured in a 
1:5 fresh soil:mili-Q water suspension after shaking for 1 hour, using a pH meter 
(SevenEasy pH, Metler Toledo, Switzerland). Extractable NH4
+
, NO3
-
 and PO4
3-
 
concentrations in the soil were determined on a SEAL AQ2 Discrete Analyser 
(SEAL Analytical Inc., USA) after extraction with KCl (2 M) (Keeney, 1982) and 
Bray-1 reagent (Bray and Kurtz, 1945), respectively. The AQ2 methods used for 
NH4
+
 and NO3
-
 were EPA-103-A Rev.6 (range of application: 0.02-2.0 mg N/L; 
MDL = 0.007 mg N/L) and EPA-127-A Rev. 7 (range of application: 0.012-2.0 mg 
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N/L; MDL = 0.003 mg N/L), respectively. For PO4
3-
 the method was adapted from 
AQ2 EPA-118-A Rev. 5 (range of application: 0.01-1.0 mg P/L; MDL = 0.002 mg 
P/L) but changing the phosphate reagent to Bray-1 reagent. 
Briefly, the extraction of mineral N (NH4
+
 and NO3
-
) from fresh soil with 2M KCl 
was done at a 1:5 soil:solution ratio shaking for 60 minutes and filtrated with 
Whatman No. 42 filter paper. Phosphate concentrations were determined in dry 
sieved soils at a 1:7 soil:extractant ratio with a short extraction time of 60 s followed 
by immediate filtration with Whatman No. 42 filter paper. The Bray reagent consists 
of 0.03M ammonium fluoride in 0.025M HCl at a pH 3. Reagent blanks were carried 
all the way through for both determinations and all extractions were kept at -20°C 
until further analysis. Values are reported as per soil dry weight. Soil gravimetric 
water content, pH, mineral N and PO4
3-
 were measured in duplicate for each sample. 
Total C and total N were obtained from oven-dried soil (40 °C) milled for 2 minutes 
at 25 strokes per second, using a mixer mill MM 400 (Retsch, Düsseldorf, Germany), 
and analysed using a LECO macro-CN analyser (LECO, MI, USA). Values reported 
as milligrams per kilogram dry soil. Bulk density was determined using a stainless 
steel ring (length = 5 cm; diameter = 7.3 cm) with a total volume of 209.3 cm
3
 and 
reported as grams of dry soil per volume. Soil particle size was determined following 
a hydrometer method (Soil Hydrometer -5 to 60 x 0.001 g/ml, Carlton Glass, 
Australia; Australian Standard (1994)) and texture class determined based on 
McDonald et al. (1990) (Table 2.1).  
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Table 2.1 Soil physical properties for each treatment. Values are means ± sem (n=4) of each 
treatment. No significant differences were detected (P>0.05). G = grassland, C = control, F = 
solid fertilisation, I = irrigation, IF = irrigation x liquid fertilisation. 
Treatment 
Texture 
class 
Sand (%) Silt (%) Clay (%) 
Bulk density 
(g cm3) 
Porosity 
(%) 
G Sandy loam 71.28 ± 35.64 10.49 ± 5.25 18.23 ± 9.12 1.26 ± 0.07 52.42 ± 2.51 
C Clay loam 68.28 ± 34.14 9.49 ± 4.75 22.23 ± 11.11 1.24 ± 0.09 53.08 ± 3.44 
F Sandy loam 75.77 ± 37.89 7.00 ± 3.50 17.23 ± 8.62 1.30 ± 0.06 50.88 ± 2.20 
I Loam 69.08 ± 34.54 11.99 ± 6.00 18.93 ± 9.46 1.22 ± 0.03 53.91 ± 1.03 
IF Clay loam 67.08 ± 33.54 10.69 ± 5.35 22.23 ± 11.11 1.23 ± 0.07 53.75 ± 2.50 
 
2.2.5 DNA extraction and quantitative PCR analysis 
Total genomic DNA was extracted from soil using MoBio PowerSoil DNA Isolation 
Kit (Mobio Laboratories, Carlsbad, USA) according to the manufacturer’s 
instructions, with modification of the soil weight used (0.50 g) and the initial cell-
lysis step was replaced with a bead beating step of 5.5 m s
-1
 for 30 s (FastPrep Bio-
101, USA). DNA concentration and quality were determined spectrophotometrically 
(NanoDrop ND-2000c, Thermo Scientific, MA, USA). DNA extraction yields were 
in the range 10.6-61.0 ng/µL with an average of 28.8 ± 9.1 ng/µL (mean ± standard 
deviation) and an A260/280 ratio of 1.95 ± 0.05 ng/µL. 
Quantification of the functional marker genes amoA for nitrifying AOA and AOB, 
nosZ for N2O-reducing bacteria and pmoA for methanotrophs were determined, using 
the following primers, respectively: crenamoA23f/crenamoA616r (Tourna et al., 
2008), amoA1f/amoA2r (Rotthauwe et al., 1997), nosZ2f/nosZr (Henry et al., 2006) 
and pmo189f/pmo650r (Bourne et al., 2001). All primers were purchased from 
Integrated DNA Technologies, Australia. Quantification of the phylogenetic 16S 
rRNA gene was determined to assess total bacteria using the primers 
Eub338f/Eub518r (Fierer et al., 2005). All reactions were carried out using 
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SensiFAST SYBR No-ROX (Bioline, Australia). Each sample was quantified in 
duplicate in a 10 µl reaction using the BioRad C1000 Touch thermal cycler CFX96 
Real-Time System (Bio-Rad Laboratories, USA). Briefly, all reaction mixtures 
contained 5 µl of SensiFAST SYBR No-ROX (1X), 0.2 µl of each primer (0.4 µM), 
0.2 µl of BSA (0.4 mg/ml) and 2 µl of diluted template DNA (0.5 ng µL
-1
) for all 
gene targets and 4 µl (1 ng µL
-1
) for pmoA gene. Full details on gene-specific qPCR 
primer sequences and thermal cycling programs are listed in Table 2.2. 
Calibration curves for amoA (AOA and AOB), nosZ and 16S rRNA gene markers 
using ten-fold serial dilutions were produced from cloned PCR products with 
plasmid pGEM-T Easy vector (Promega, Madison, USA) according to 
manufacturer’s instructions and transformed into Escherichia coli strain JM109. 
Plasmid extraction was performed using Wizard Plus SV Minipreps DNA 
purification system (Promega, Australia). Calibration curves for pmoA gene were 
generated from genomic DNA (Methylosinus trichosporium) using ten-fold serial 
dilutions. Final concentrations were quantified using the NanoDrop ND-2000c 
(Thermo Scientific, MA, USA).   
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Table 2.2 Gene target, primer details and thermal cycling conditions used for quantitative 
PCR. 
Gene Primer Sequence 
Amplicon 
size [bp] 
Thermal profile 
(40 cycles) 
(melt curve:  
65 -95 °C) 
amoA 
(AOA) 
CrenamoA23-F 
CrenamoA616-R 
ATG GTC TGG CTW AGA CG 
GCC ATC CAT CTG TAT GTC CA 
635 
95 °C – 180 s 
95 °C – 15 s 
56 °C – 15 s 
72 °C – 30 s 
amoA 
(AOB) 
amoA1-F 
amoA2-R 
GGG GTT TCT ACT GGT GGT 
CCC CTC KGS AAA GCC TTC TTC 
491 
95 °C – 180 s 
95 °C – 15 s 
53 °C – 15 s 
72 °C – 30 s 
nosZ nosZ2-F 
nosZ2-R 
CGC RAC GGC AAS AAG GTS MSS GT 
CAK RTG CAK SGC RTG GCA GAA 
267 
95 °C – 180 s 
95 °C – 15 s 
60 °C – 15 s 
72 °C – 20 s 
pmoA pmo189-F 
pmo650-R 
GGN GAC TGG GAC TTC TGG 
ACG TCC TTA CCG AAG GT 
500 
95 °C – 180s 
95 °C – 15 s 
53 °C – 15 s 
72 °C – 30 s 
16S 
rRNA 
Eub338-F 
Eub518-R 
ACT CCT ACG GGA GGC AGC AG 
ATT ACC GCG GCT GCT GG 
200 
95 °C – 180 s 
95 °C – 15 s 
53 °C – 15 s 
72 °C – 15 s 
 
The presence of PCR inhibitors in DNA extracts was examined by testing different 
dilutions of soil DNA extract. Agarose gel electrophoresis was performed when 
testing standards and target DNA concentration to verify the amplification of 
individual PCR products of correct amplicon size. Melt curve analyses were 
conducted following each assay to verify the specificity of the amplification 
products. Quantitative PCR (qPCR) evaluation of the different target gene assays 
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(efficiency; standard R
2
) were the following: amoA (AOA) (93%; ≥0.99), amoA 
(AOB) (88.2-102%; ≥0.99), nosZ (90-112%, ≥0.99), pmoA (84-95%, ≥0.99) and 16S 
rRNA (95-111%; ≥0.99). During qPCR setup, evaluation and data analysis, MIQE 
guidelines were followed (Bustin et al., 2009). Gene copy numbers per g dry soil 
normalised to extraction yield were calculated for all genes. 
 
2.2.6 Statistical analysis 
The effect of management practices (C, F, I, IF) and land-use change (conversion of 
G to C) on all variables measured were tested separately, together with the effect of 
season, and their interactions, by repeated measures using a linear mixed effect 
model approach. Replicates within each experimental plot were nested within season 
as random effects (to account for variability at small spatial scales). An 
autoregressive AR (1) covariance structure was used for the fit of the repeated 
measurements. When necessary, data were transformed (logarithm or square root) to 
fit the assumptions of normality. A Bonferroni post-hoc test was used for multiple 
pairwise comparisons.  
A linear regression model was then applied to each management treatment together 
with C (C + F; C + I; C + IF) for each GHG separately, to explore the significance of 
the corresponding microbial gene abundances describing each GHG emission. 
Spearman rank correlation analysis was performed on each management and land-
use treatment individually with C (C + F; C + I; C + IF; G + C) to assess possible 
relationships between response variables and environmental drivers. To further 
explore the relative influence and effects of biotic (microbial abundance) and abiotic 
drivers of N2O, CH4 and CO2 emissions in management practices, abiotic variables 
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were selected for further analysis. Ammonium and NO3
-
 were then combined and 
used as a measure of extractable inorganic N in the soil. Variables were excluded if 
strong intercorrelation was present (Spearman ρWFPS - grav moist = 0.95, P < 0.001; 
Spearman ρPO4 – Inorganic N = 0.60, P < 0.001) as well as variables with missing 
seasonal data, as in the case of total C, total N and C:N ratio. Soil temperature was 
initially included in the analysis but due to low contribution to the variance explained 
and low importance as a predictor of both N2O and CH4 fluxes it was excluded for 
both gases. Transformed variables were used when appropriate to fit the assumptions 
of normality.  
A multi-model inference approach based on information theory (Burnham and 
Anderson, 2002) was then applied to assess the relative importance of biotic and 
abiotic variables in predicting N2O, CH4 and CO2 emissions and the probability that 
a given model best describes the observed data. All possible linear regression models 
based on ordinary least squares (OLS) model selection procedure were evaluated for 
each GHG individually, considered as the dependent variable. The independent 
variables included were the following: WFPS, inorganic N, pH, soil temperature (for 
CO2 only), amoA (AOA and AOB) and nosZ gene abundances (for N2O only), pmoA 
(for CH4 only) and 16S rRNA (for CO2 only). For each dependent variable models 
were ranked according to the second-order Akaike information criterion corrected for 
small sample size (AICc). Akaike weights of each model (wi) were also obtained, 
and used to define the relative importance of each predictor across the full set of 
models evaluated. However, this approach was not used to identify important 
variables predicting GHG emissions under land-use change because there were no 
significant differences in N2O and CH4 emissions following afforestation. In the case 
of CO2, because root respiration from grassland was not taken into account in the 
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total soil respiration measured, the multi-model approach was not applied. All 
statistical analyses were performed with GENSTAT v16 (VSN International Limited, 
Hemel Hempstead, UK). Multi-model analyses were carried out using SAM 4.0 
(Rangel et al., 2010). 
 
2.3 Results 
2.3.1 Effect of management practices and land-use change on N2O, CH4 and 
CO2 fluxes 
Nitrous oxide emissions were small for all treatments with no added fertiliser, 
namely G, C and I, and did not differ significantly between each other (Figure 2.2A). 
Fertilisation (F and IF) significantly increased N2O emissions compared to C 
(P<0.001; Figure 2.2A), specifically annual N2O emissions were 3.5-fold greater in F 
and 2.1-fold greater in IF compared to C treatment (24 ± 8 kg N2O-CO2eq ha
-1
 yr
-1
). 
No seasonal effect or significant interactive effect of management practices with 
season was observed (Table 2.3; Appendix A, Table A.1). Furthermore, in the case 
of G, C and I, only 23%, 33% and 38% respectively, of the fluxes measured were 
above MDF suggesting minimum or no N2O emissions. Conversely, in the case of F 
and IF, 69% and 96% respectively, were above MDF. Nitrous oxide fluxes showed 
no significant effect of land-use change, season or interactive effect of land-use and 
season (Figure 2.2A; Table 2.3; Appendix A, Table A.1). 
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Figure 2.2 Effect of management practices (C, F, I, IF) and land-use change (conversion of 
G to C) on (A) N2O emissions, (B) CH4 emissions and (C) CO2 emissions, expressed as CO2 
equivalents per hectare per year. Values represent mean ± sem (n=48) of all seasons 
(autumn, winter, spring and summer). Statistically significant differences between 
management treatments (i.e. no grassland treatment included) are represented by different 
lower-case letters (a, b, c, d) and between land-use change treatments are represented by 
upper-case letters (A, B), according to multiple pairwise comparisons (P<0.05). 
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Soils were a net sink for CH4 at all seasons, as indicated by negative fluxes (Table 
2.3), with G and I having all fluxes above MDF and C, F and IF with 96%, 94% and 
98% respectively.  Management practices had a significant impact on the strength of 
the CH4 sink (P<0.001; Figure 2.2B). Specifically the annual CH4 sink in F was 44% 
lower in comparison to C, with the remaining treatments not differing significantly 
from each other. Season effects (P<0.001; Appendix A, Table A.1) were also 
observed in CH4 fluxes with spring showing the highest CH4 uptake, with 44% 
greater CH4 sink in comparison to the lowest observed in winter. However no 
significant interactive effect of management practices and season was detected. 
Land-use change had no significant effect on soil CH4 uptake but a significant season 
effect was observed (P<0.001; Table 2.3; Appendix A, Table A.1), with CH4 uptake 
being 41% higher in summer compared to winter. Moreover, a significant interactive 
effect of land-use and season was detected (P=0.009; Appendix A, Table A.1), with 
G in winter showing the lowest CH4 uptake rates whereas the highest CH4 uptake 
was observed in G in summer.  
Management treatments were significantly different between each other in the case 
of CO2 (P<0.001; Figure 2.2C), whereby CO2 emissions were 65% greater in IF, 
31% greater in I and 18% lower in F, in comparison to C treatment. A significant 
seasonal effect on CO2 emissions was evident (P<0.001; Appendix A, Table A.1), 
particularly in winter where emissions were 45% lower compared to autumn and 
50% lower compared to spring and summer. Significant interactive effect of 
management practices and season was also observed (P=0.030; Appendix A, Table 
A.1), with IF during spring and summer having greater emissions in contrast to 
lowest emissions of F treatment in winter. The effect of land-use change on CO2 
emissions was significantly different with C emissions 53% lower in comparison to 
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G (P<0.001; Figure 2.2C), and winter emissions 41%, 42% and 49% lower compared 
to spring, summer and autumn, respectively.(P<0.001; Table 2.3; Appendix A, Table 
A.1). 
  
Table 2.3 Effect of management practices (C, F, I, IF) and land-use change (conversion of G 
to C) on N2O, CH4 and CO2 fluxes, expressed as µg CH4-C/N2O-N m
2
 h
-1
 or mg CO2-C m
2
 h
-
1
. Values represent mean ± sem (n=12) for each season. G = grassland, C = control, F = solid 
fertilisation, I = irrigation, IF = irrigation x liquid fertilisation. 
GHG 
flux 
Season 
Treatment 
G C F I IF 
N2O 
Autumn 1.4 ± 0.75 1.3 ± 0.69 4.2 ±0.61 -0.1 ± 0.85 15.8 ± 3.31 
Winter 0.9 ± 0.63 0.6 ± 0.62 2.7 ± 0.57 1.9 ± 0.88 14.9 ± 4.71 
Spring 0.9 ± 0.84 1.1 ± 0.60 3.3 ± 0.78 1.1 ± 0.80 24.7 ± 8.34 
Summer 0.3 ± 0.63 0.6 ± 0.71 6.5 ± 1.07 0.5 ± 0.46 26.0 ± 8.84 
CH4 
Autumn -30.3 ± 2.28 -31.8 ± 3.44 -21.0 ± 1.58 -31.4 ± 2.58 -29.1 ± 2.37 
Winter -24.4 ± 2.46 -26.8 ± 3.07 -12.7 ± 1.93 -26.6 ± 2.50 -23.1 ± 2.32 
Spring -27.1 ± 2.12 -35.9 ± 3.28 -23.3 ± 2.10 -33.2 ± 3.26 -36.1 ± 2.32 
Summer -39.7 ± 3.03 -32.3 ± 3.72 -13.4 ± 1.31 -32.6 ± 2.29 -29.7 ± 2.43 
CO2 
Autumn 189.3 ± 9.81 70.9 ± 3.38 67.3 ± 4.08 85.2 ± 4.20 122.1 ± 9.59 
Winter 92.5 ± 6.93 40.6 ± 3.77 32.1 ± 2.17 50.6 ± 3.60 65.9 ± 6.05 
Spring 155.1 ± 16.62 70.7 ± 4.75 59.3 ± 9.18 113.0 ± 7.78 134.5 ± 11.77 
Summer 139.9 ± 7.77 88.2 ± 11.21 63.5 ± 3.23 106.3 ± 7.40 123.1 ± 8.40 
 
2.3.2 Effect of management practices and land-use change on net GWP 
When considering the effect of the different treatments on the net GWP balance from 
soil N2O, CH4, CO2 fluxes, this study indicates that management practices increased 
the net GWP by 56% in the case of IF and 28% in the case of I in comparison to C 
(Figure 2.3). Solid fertilisation decreased net GWP by 17%. While land-use change 
(afforestation) decreased the net GWP by 76% in comparison to G (Figure 2.3). 
When assessing the contribution of each individual GHG to the net GWP (Figure 
2.3), overall, CO2 had the highest contribution to the net GWP of F, I, IF and 
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afforestation. However in F, despite the reduction of CO2 emissions observed in this 
treatment leading to its net reduction of GWP, N2O emissions contributed +9% and a 
reduction of CH4 uptake contributed +5% to the net GWP. Furthermore, in IF despite 
CO2 emissions being responsible for +88.2% to the net GWP, N2O emissions 
contributed to +11.7%, in comparison to the negligible contribution of +0.2% from 
the reduction of CH4 uptake. 
 
 
Figure 2.3 Net GWP (%) of management practices (F, I, IF) and land-use change 
(afforestation) including all N2O, CH4 and CO2 flux measurements in comparison to control 
treatments (considered here as control plots for management practices and grassland plots for 
land-use change). The table illustrates the contribution (%) of each treatment-induced GHG 
emission to the net GWP, for each individual gas. * refers to treatments under which N2O, 
CH4 or CO2 showed significant differences in comparison to control treatment. F = solid 
fertilisation, I = irrigation, IF = irrigation x liquid fertilisation. 
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F I IF Afforestation
Management practices
Land-use
Net GWP of individual treatments (%)
Treatment
Contribution (%) of 
individual GHGs to net GWP
N2O CH4 CO2
F + 9* + 5* - 114*
I - 0.1 + 0.1 + 100*
IF + 11.7* + 0.2 + 88.2*
Afforestation + 0.02 - 0.06 - 99.96*
F = Solid fertilisation I = Irrigation IF = Irrigation x liquid fertilisation
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2.3.3 Effects of management practices and land-use change on soil abiotic 
characteristics 
Management practices in the Eucalyptus plantation greatly affected soil properties 
(Table 2.4). Irrigation had the highest soil pH of 7.8 ± 0.05, followed by IF with 7.0 
± 0.07, C with 5.5 ± 0.05 and F with the lowest pH of 4.9 ± 0.02 (P < 0.001).  Both I 
and IF had over three times higher moisture contents in comparison to both C and F 
which had very low soil moisture of approximately 2% (P<0.001). Extractable PO4
3-
 
(P<0.001) was seven times higher in F, followed by IF with five times higher, and I 
over three times higher in comparison to C (5.9 ± 0.40 mg kg
-1
 dry soil). Ammonium 
concentrations (P<0.001) were three times higher in F and two times lower in IF in 
comparison to C (1.3 ± 0.15 mg kg
-1
 dry soil), whereas NO3
-
 (P<0.001) was higher in 
both F (4.5 ± 0.27 mg kg-
1
 dry soil) and IF (3.6 ± 0.24 mg kg
-1
 dry soil), in 
comparison to C (0.5 ± 0.11 mg kg
-1
 dry soil). Although soil C:N ratios differed 
between treatments (P=0.030; Table 2.4), total C and N did not. Ratios were highest 
in F (13.8 ± 0.43%) and lowest in IF (12.2 ± 0.15%). Seasonal significant differences 
were seen for most soil properties measured (Table 2.5; Appendix A, Table A.1). 
From all the soil properties measured throughout the different seasons, only 
gravimetric moisture (P<0.001), WFPS (P<0.001), NH4
+
 (P=0.019), and pH 
(P<0.001) significantly decreased after six years of land-use change from G to C 
(Table 2.4). Soil pH decreased from 6.2 ± 0.03 in G to 5.5 ± 0.05 in C, soil 
gravimetric moisture decreased by 50%, followed by a decrease of WFPS from 
10.6% ± 1.14 to 5.3% ± 0.35 and NH4
+
 from 1.9 ± 0.17 to 1.3 ± 0.15 mg kg
-1
 dry soil 
(Table 2.4). As for management practices, significant differences between seasons 
were seen for most soil properties measured, except NH4
+
 and NO3
-
, pH and total C 
(Table 2.5; Appendix A, Table A.1). 
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Table 2.4 Effect of management practices (C, F, I, IF) and land-use change (conversion of G 
to C) on extractable NH4
+
, NO3
-
, PO4
3-
, soil pH (H2O), total C, total N and C:N ratio, 
gravimetric moisture, WFPS, soil temperature. Values represent mean ± sem (n=48) of all 
seasons (autumn, winter, spring and summer) from 0-20 cm. Statistically significant 
differences between management treatments (i.e. no grassland treatment included) are 
represented by different lower-case letters (a, b, c, d) and between land-use change 
treatments are represented by upper-case letters (A, B), according to multiple pairwise 
comparisons (P<0.05). G = grassland, C = control, F = solid fertilisation, I = irrigation, IF = 
irrigation x liquid fertilisation. 
Soil abiotic 
properties 
Treatment 
G C F I IF 
NH4
+ 
 (mg kg-1 dry soil) 
1.9 ± 0.17 (A) 1.3 ± 0.15 (B) b 4.3 ± 0.45 a 1.0 ± 0.15 bc 0.7 ± 0.13 c 
NO3
-  
(mg kg-1 dry soil) 
0.6 ± 0.09 (A) 0.5 ± 0.11 (A) d 4.5 ± 0.27 a 0.9 ± 0.09 c 3.6 ± 0.24 b 
PO4
3-  
(mg kg-1 dry soil) 
4.5 ± 0.42 (A) 5.9 ± 0.40 (A) d 40.1 ± 2.22 a 18.6 ± 2.57 c 26.6 ± 1.60 b 
pH  
(H2O) 
6.2 ± 0.03 (A) 5.5 ± 0.05 (B) c 4.9 ± 0.02 d 7.8 ± 0.05 a 7.0 ± 0.07 b 
Total C  
(g kg-1 dry soil) 
7.32 ± 0.19 (A) 7.65 ± 0.45 (A) a 8.67 ± 0.59 a 7.38 ± 0.16 a 7.63 ± 0.20 a 
Total N  
(g kg-1 dry soil) 
0.61 ± 0.01 (A) 0.60 ± 0.03 (A) a 0.62 ± 0.02 a 0.58 ± 0.01 a 0.63 ± 0.01 a 
C:N ratio   
(%) 
12.0 ± 0.23 (A) 12.7 ± 0.33 (A) ab 13.8 ± 0.43 a 12.8 ± 0.27 ab 12.2 ± 0.15 b 
Gravimetric 
moisture (%) 
4.2 ± 0.41 (A) 2.2 ± 0.12 (B) b 2.0 ± 0.08 b 7.8 ± 0.30 a 8.0 ± 0.31 a 
WFPS  
(%) 
10.6 ± 1.14 (A) 5.3 ± 0.35 (B) b 5.2 ± 0.21 b 17.7 ± 0.70 a 18.5 ± 0.92 a 
Soil temperature 
(°C) 
18.7 ± 0.78 (A) 17.6 ± 0.50 (B) a 17.1 ± 0.46 b 17.0 ± 0.47 bc 16.8 ± 0.48 c 
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Table 2.5 Effect of management practices (C, F, I, IF) and land-use change (conversion of G 
to C) on soil abiotic properties (NH4
+
, NO3
-
, PO4
3-
, pH (H2O), total C, total N, C:N ratio, 
gravimetric moisture, WFPS, soil temperature). Values represent mean ± sem (n=12) for 
each season. G = grassland, C = control, F = solid fertilisation, I = irrigation, IF = irrigation x 
liquid fertilisation. 
Soil abiotic 
properties 
Season 
Treatment 
G C F I IF 
NH4
+
 (mg 
kg
-1
 dry soil) 
Autumn 2.4 ± 0.47 1.4 ± 0.18 3.4 ± 0.55 1.0 ± 0.24 0.8 ± 0.25 
Winter 1.7 ± 0.26 1.3 ± 0.41 6.3 ± 1.35 0.8 ± 0.26 0.6 ± 0.28 
Spring 1.5 ± 0.21 1.6 ± 0.28 4.7 ± 0.69 0.5 ± 0.16 0.2 ± 0.08 
Summer 2.1 ± 0.30 0.9 ± 0.30 2.9 ± 0.48 1.9 ± 0.39 1.3 ± 0.32 
NO3
-
 (mg kg
-
1
 dry soil) 
Autumn 0.7 ± 0.25 0.4 ± 0.10 3.6 ± 0.57 1.0 ± 0.17 4.5 ± 0.45 
Winter 0.6 ± 0.14 0.6 ± 0.15 4.7 ± 0.60 1.2 ± 0.17 3.1 ± 0.37 
Spring 0.2 ± 0.10 1.0 ± 0.40 4.5 ± 0.46 0.8 ± 0.17 3.3 ± 0.36 
Summer 0.8 ± 0.21 0.2 ± 0.07 5.2 ± 0.46 0.6 ± 0.14 3.3 ± 0.65 
PO4
3-
 (mg 
kg
-1
 dry soil) 
Autumn 6.0 ± 0.93 7.5 ± 0.78 45.2 ± 6.23 20.7 ± 5.50 28.2 ± 3.96 
Winter 4.7 ± 1.06 5.7 ± 0.45 40.4 ± 3.99 17.5 ± 5.84 25.5 ± 3.10 
Spring 3.2 ± 0.58 4.1 ± 0.73 39.3 ± 4.67 14.9 ± 3.12 24.2 ± 2.66 
Summer 4.2 ± 0.60 6.5 ± 0.90 35.5 ± 1.76 21.4 ± 6.03 28.5 ± 3.21 
pH (H2O) 
Autumn 6.2 ± 0.03 5.5 ± 0.08 5.0 ± 0.04 7.5 ± 0.06 6.8 ± 0.07 
Winter 6.2 ± 0.07 5.4 ± 0.13 4.9 ± 0.05 7.8 ± 0.08 7.0 ± 0.15 
Spring 6.0 ± 0.03 5.4 ± 0.10 5.0 ± 0.05 7.9 ± 0.12 7.2 ± 0.18 
Summer 6.2 ± 0.06 5.6 ± 0.11 4.9 ± 0.04 8.0 ± 0.07 7.0 ± 0.11 
Total C (mg 
kg
-1
 dry soil) 
Autumn 7.40 ± 0.30 7.28 ± 0.52 8.23 ± 0.40 7.25 ± 0.25 7.79 ± 0.32 
Winter - - - - - 
Spring - - - - - 
Summer 7.25 ± 0.25 8.02 ± 0.75 9.12 ± 1.12 7.50 ± 0.19 7.46 ± 0.23 
Total N (mg 
kg
-1
 dry soil) 
Autumn 0.60 ± 0.02 0.56 ± 0.03 0.57 ± 0.02 0.55 ± 0.02 0.63 ± 0.02 
Winter - - - - - 
Spring - - - - - 
Summer 0.63 ± 0.02 0.64 ± 0.04 0.67 ± 0.04 0.62 ± 0.02 0.63 ± 0.02 
C:N ratio 
(%) 
Autumn 12.4 ± 0.40 13.0 ± 0.54 14.4 ± 0.53 13.3 ± 0.44 12.4 ± 0.22 
Winter - - - - - 
Spring - - - - - 
Summer 11.6 ± 0.18 12.4 ± 0.37 13.3 ± 0.66 12.2 ± 0.21 11.9 ± 0.20 
Gravimetric 
moisture 
(%) 
Autumn 6.6 ± 0.58 3.1 ± 0.26 2.6 ± 0.12 7.9 ± 0.34 7.8 ± 0.40 
Winter 6.5 ± 0.75 2.2 ± 0.26 1.9 ± 0.11 9.3 ± 0.27 9.4 ± 0.34 
Spring 1.8 ± 0.15 1.8 ± 0.15 1.5 ± 0.14 8.4 ± 0.57 8.8 ± 0.55 
Summer 2.1 ± 0.20 1.7 ± 0.09 2.0 ± 0.12 5.5 ± 0.59 5.8 ± 0.61 
WFPS (%) 
Autumn 16.4 ± 3.44 7.4 ± 1.21 6.8 ± 0.40 17.9 ± 1.16 18.4 ± 2.73 
Winter 16.2 ± 4.66 5.2 ± 0.91 5.0 ± 0.50 21.2 ±1.19 21.7 ± 2.57 
Spring 4.4 ± 0.71 4.4 ± 0.56 4.0 ± 0.36 19.0 ± 1.61 20.4 ± 2.77 
Summer 5.3 ± 0.84 4.0 ± 0.38 5.1 ± 0.27 12.5 ± 1.83 13.6 ± 1.96 
Soil 
temperature 
(°C) 
Autumn 17.8 ± 0.24 17.7 ± 0.20 17.4 ± 0.12 17.6 ± 0.14 17.3 ± 0.14 
Winter 11.3 ± 0.25 12.8 ± 0.20 12.6 ± 0.14 12.3 ± 0.16 12.0 ± 0.17 
Spring 19.7 ± 0.41 17.7 ± 0.32 17.2 ± 0.19 16.7 ± 0.16 16.7 ± 0.14 
Summer 26.0 ± 0.38 22.3 ± 0.24 21.3 ± 0.16 21.2 ± 0.14 21.0 ± 0.15 
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2.3.4 Effects of management practices and land-use change on soil microbial 
community abundances 
The copy numbers of AOA amoA gene were consistently higher in all treatments 
compared to AOB amoA gene copy numbers (Figure 2.4A, 2.4B). Management 
practices and season effects were significantly different for both AOA and AOB 
(P<0.001; Appendix A, Table A.1). The IF treatment soils had 138% more AOA 
gene copy numbers and 160% greater AOB copy numbers compared to C, followed 
by only 32% greater copy numbers in I for AOB (Figure 2.4A, 2.4B). Irrigation 
treatment was not significantly different in the case of AOA and F did not 
significantly affect AOA and AOB amoA gene abundances in comparison to C 
(Figure 2.4A, 2.4B). Both AOA and AOB showed no significant differences for 
land-use change and only AOB had a significant effect of season on gene abundance 
(P<0.001; Appendix A, Table A.1). Interactive effects of management 
practices/land-use with season were not significant for both AOA and AOB amoA 
gene abundances (Appendix A, Table A.1). Management practices significantly 
affected N2O-reducing bacteria's nosZ gene abundance, with 65% lower copy 
numbers detected under F in comparison to C (P<0.001; Figure 2.4C). Similarly to 
amoA, land-use change did not significantly affect nosZ gene abundances. 
Nonetheless, nosZ gene copy numbers were significantly different between seasons 
for both management practices and land-use (P<0.001; Table 2.6; Appendix A, Table 
A.1). 
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Figure 2.4 Effect of management practices (C, F, I, IF) and land-use change (conversion of 
G to C) on various key genes involved in GHG emissions: (A) amoA AOA, (B) amoA AOB, 
(C) nosZ, (D) pmoA and (E) 16S rRNA, expressed as copies g
-1
 dry soil. Values represent 
mean ± sem (n=48) of all seasons (autumn, winter, spring and summer). Statistically 
significant differences between management treatments (i.e. no grassland treatment 
included) are represented by different lower-case letters (a, b, c, d) and between land-use 
change treatments are represented by upper-case letters (A, B), according to multiple 
pairwise comparisons (P<0.05). AOA = ammonia-oxidizing archaea, AOB = ammonia-
oxidizing bacteria, G = grassland, C = control, F = solid fertilisation, I = irrigation, IF = 
irrigation x liquid fertilisation. 
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The abundance of methanotrophs was determined by quantifying pmoA gene copy 
numbers. For management practices, F was the only treatment significantly different 
from C treatment, with 74% lower pmoA gene abundance (P<0.001; Figure 2.4D). 
pmoA gene abundances were not significantly different between different land-use 
change treatments (Appendix A, Table A.1) but a 35% increase was observed in C 
compared to G (Figure 2.4D). Seasonal differences in abundance of methanotrophs 
were significant for both management practices/land-use change (P<0.001; Table 
2.6; Appendix A, Table A.1) but no significant differences were detected for 
interactive effects of management practices/land-use change and season (Appendix 
A, Table A.1). Total bacterial abundance was targeted by quantifying the 16S rRNA 
gene. The IF treatment significantly increased 16S rRNA gene copy numbers by 43% 
and I treatment increased by 25% in comparison to C (P<0.001; Figure 2.4E). In 
contrast, 16S rRNA gene abundance was 47% lower in F. Gene copy numbers were 
significantly lower in C compared to G (P=0.003; Figure 2.4E). Seasonal differences 
were observed in both management practices and land-use change treatments 
(P<0.001) but no significant differences were detected for interactive effects of 
management practices/land-use change and season (Table 2.6; Appendix A, Table 
A.1). 
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Table 2.6 Effect of management practices (C, F, I, IF) and land-use change (conversion of G 
to C) on key genes involved in GHG emissions: amoA AOA, amoA AOB, nosZ, pmoA and 
16S rRNA, expressed as gene copies g
-1
 dry soil. Values represent mean ± sem (n=12) for 
each season. AOA = ammonia-oxidizing archaea, AOB = ammonia-oxidizing bacteria, G = 
grassland, C = control, F = solid fertilisation, I = irrigation, IF = irrigation x liquid 
fertilisation. 
Gene 
abundance 
Season 
Treatment 
G C F I IF 
AOA 
amoA 
Autumn 
1.01x108 ± 
3.77x107 
1.09x108 ± 
1.98x107 
7.23x107 ± 
1.37x107 
1.12x108 ± 
2.33x107 
2.66x108 ± 
1.98x107 
Winter 
1.23x108 ± 
3.37x107 
1.84x108 ± 
3.42x107 
1.94x108 ± 
4.13x107 
1.81x108 ± 
3.71x107 
3.62x108 ± 
5.00x107 
Spring 
1.30x108 ± 
4.87x107 
1.35x108 ± 
4.11x107 
1.18x108 ± 
2.11x107 
1.33x108 ± 
3.34x107 
2.98x108 ± 
2.74x107 
Summer 
1.34x108 ± 
4.72x107 
7.86x107 ± 
1.64x107 
1.07x108 ± 
3.66x107 
1.44x108 ± 
3.76x107 
2.79x108 ± 
3.97x107 
AOB 
amoA  
Autumn 
1.15x106 ± 
1.72x105 
1.22x106 ± 
9.73x105 
8.48x105 ± 
9.83x104 
1.67x106 ± 
1.67x105 
2.75x106 ± 
2.78x105 
Winter 
1.03x106 ± 
1.02x105 
1.31x106 ± 
1.65x105 
1.02x106 ± 
1.30x105 
1.32x106 ± 
1.51x105 
2.82x106 ± 
6.13x105 
Spring 
1.60x106 ± 
1.87x105 
1.74x106 ± 
2.90x105 
2.29x106 ± 
1.35x106 
2.48x106 ± 
3.78x105 
5.20x106 ± 
1.20x106 
Summer 
1.40x106 ± 
1.01x105 
1.82x106 ± 
1.87x105 
1.66x106 ± 
3.02x105 
2.58x106 ± 
2.37x105 
5.01x106 ± 
2.13x106 
nosZ 
Autumn 
9.36x107 ± 
1.08x107 
1.11x108 ± 
1.18x107 
4.44x107 ± 
7.01x106 
1.04x108 ± 
8.53x106 
1.28x108 ± 
1.26x107 
Winter 
8.14x107 ± 
4.71x106 
1.14x108 ± 
1.15x107 
4.23x107 ± 
6.83x106 
1.04x108 ± 
9.97x106 
1.10x108 ± 
7.02x106 
Spring 
9.16x107 ± 
8.64x106 
9.13x107 ± 
1.44x107 
3.13x107 ± 
9.24x106 
9.27x107 ± 
1.26x107 
1.14x108 ± 
1.56x107 
Summer 
1.66x108 ± 
1.53x107 
1.98x108 ± 
2.14x107 
6.46x107 ± 
9.76x106 
2.37x108 ± 
2.38x107 
2.20x108 ± 
3.69x107 
pmoA 
Autumn 
2.47x107 ± 
2.99x106 
3.15x107 ± 
4.87x106 
9.53x106 ± 
1.58x106 
2.88x107 ± 
4.31x106 
3.70x107 ± 
6.31x106 
Winter 
2.81x107 ± 
3.12x106 
5.06x107 ± 
7.88x106 
1.25x107 ± 
3.08x106 
4.19x107 ± 
3.53x106 
4.87x107 ± 
5.20x106 
Spring 
6.98x107 ± 
1.51x106 
8.12x107 ± 
1.59x107 
2.58x107 ± 
7.16x106 
7.62x107 ± 
1.04x107 
8.76x107 ± 
1.20x106 
Summer 
5.12x107 ± 
6.99x106 
7.14x107 ± 
1.02x107 
1.43x107 ± 
2.08x106 
7.48x107 ± 
8.85x106 
7.91x107 ± 
1.66x107 
16S rRNA 
Autumn 
3.64x1010 ± 
4.30x109 
3.18x1010 ± 
4.08x109 
1.52x1010 ± 
1.75x109 
3.42x1010 ± 
5.04x109 
3.64x1010 ± 
3.52x109 
Winter 
2.06x1010 ± 
1.42x109 
1.75x1010 ± 
1.52x109 
9.89x109 ± 
9.50x108 
1.81x1010 ± 
1.61x109 
2.01x1010 ± 
1.19x109 
Spring 
5.90x1010 ± 
5.15x109 
3.89x1010 ± 
5.98x109 
2.06x1010 ± 
4.55x109 
5.27x1010 ± 
9.15x109 
7.09x1010 ± 
1.55x1010 
Summer 
2.92x1010 ± 
2.57x109 
2.09x1010 ± 
1.74x109 
1.25x1010 ± 
1.08x109 
3.17x1010 ± 
3.74x109 
2.85x1010 ± 
4.40x109 
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2.3.5 Relationship between microbial and abiotic factors and N2O, CH4 and CO2 
emissions from soil under management practices 
According to the multi-model inference approach, 63 possible models were obtained 
for N2O, 15 for CH4 and 31 for CO2, with all possible combinations of independent 
predictor variables. From the best fitting models that minimized AICc, the best and 
most parsimonious ones (smallest AICc and fewest variables with comparable AICc, 
respectively) describing N2O emissions contained four and three predictor variables, 
respectively. The best model explained 25% of the variance found in N2O emissions 
and included WFPS, inorganic N, pH and AOB abundance (Model #1; Table 2.7A) 
whereas the most parsimonious explained 23% of the variance and included WFPS, 
inorganic N and AOA abundance (Model #6; Table 2.7A). When evaluating the 
relationship between N2O-related genes and N2O fluxes individually for each 
treatment, N2O fluxes were significantly related to amoA AOA and AOB in IF 
(P<0.001; Figure 2.5C, 2.5F; Table 2.8), whereas nosZ gene was not significant 
(Figure 2.5I). On the other hand, in F treatment only nosZ gene was significantly 
related to N2O fluxes (P=0.026; Figure 2.5G). Nitrous oxide emissions in I treatment, 
as expected, were not explained by either of the microbial abundances considered, 
probably due to low emissions detected (Figure 2.5B, 2.5E, 2.5H). Ammonia-
oxidizing archaea, AOB and nosZ gene abundances by themselves only explained 
12%, (Model #9) 11% (Model #10) and 1% (Model #11) of the variance, 
respectively (Table 2.7A). Among all tested predictors, both WFPS and inorganic N 
were the most important factors explaining N2O emissions, followed by pH while 
nosZ gene abundance was the predictor with least importance (Figure 2.6A). 
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Table 2.7 Best-fitting regression models of (A) N2O, (B) CH4 and (C) CO2 fluxes. Each 
column represents a different predictor variable with corresponding colour (WFPS, soil 
temperature (for CO2), inorganic N, pH and microbial gene abundances). The best 8 models 
are presented, ranked according to AICc value. The last models show when microbial 
predictors and/or abiotic predictors are removed from the best model obtained. Unshaded 
cells indicate variables that were not included in a particular model. From the best 8 models 
selected: for N2O, of all 63 possible models the first and sixth are the best and most 
parsimonious respectively; for CH4 of all 15 possible models the first and the seventh are the 
best and most parsimonious respectively; for CO2 of all 31 possible models the first and the 
sixth are the best and most parsimonious, respectively. ∆AICc = difference between the AICc 
of each model and that of the best model; AICc wi = Akaike weights; WFPS = water-filled 
pore space; AOA = ammonia-oxidizing archaea, AOB = ammonia-oxidizing bacteria.  
 
Table 2.7A 
Model 
# 
WFPS 
Inorganic 
N 
pH 
AOA 
amoA 
AOB 
amoA 
nosZ R² AICc ∆ AICc AICc wi 
#1       0.248 17.067 0 0.262 
#2       0.243 18.268 1.201 0.144 
#3       0.250 18.674 1.607 0.117 
#4       0.249 18.950 1.883 0.102 
#5       0.248 19.021 1.954 0.099 
#6       0.227 20.121 3.054 0.057 
#7       0.251 20.548 3.481 0.046 
#8       0.225 20.574 3.506 0.045 
#9       0.120 40.742 23.675 <0.001 
#10       0.109 43.285 26.217 <0.001 
#11       0.011 63.255 46.187 <0.001 
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Table 2.7B 
Model 
# 
WFPS Inorganic N pH pmoA R² AICc ∆ AICc AICc wi 
#1     0.357 1392.016 0 0.479 
#2     0.359 1393.546 1.530 0.223 
#3     0.357 1394.109 2.093 0.168 
#4     0.361 1394.912 2.896 0.113 
#5     0.336 1400.186 8.171 0.008 
#6     0.324 1401.503 9.487 0.004 
#7     0.316 1401.774 9.759 0.004 
#8     0.316 1403.848 11.833 0.001 
#9     0.150 1443.428 51.412 <0.001 
 
Table 2.7C 
Model 
# 
WFPS 
Soil 
temperature 
Inorganic 
N 
pH 
16S 
rRNA 
R² AICc ∆ AICc AICc wi 
#1      0.647 -249.835 0 0.486 
#2      0.648 -248.189 1.646 0.213 
#3      0.648 -247.958 1.877 0.190 
#4      0.650 -246.861 2.974 0.110 
#5      0.613 -232.145 17.690 <0.001 
#6      0.608 -231.512 18.323 <0.001 
#7      0.613 -230.072 19.764 <0.001 
#8      0.608 -229.754 20.081 <0.001 
#9      0.304 -123.408 126.427 <0.001 
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Figure 2.5 Relationship of key microbial gene abundances ((A-C) AOA amoA; (D-F) AOB 
amoA; (G-I) nosZ) and N2O fluxes under management practices only (C+F, C+I, C+IF). The 
solid and dashed lines represent the fitted linear regressions and their 95% confidence 
intervals, respectively. Regression lines are only shown when significant (P < 0.05). AOA = 
ammonia-oxidizing archaea, AOB = ammonia-oxidizing bacteria, C = control, F = solid 
fertilisation, I = irrigation, IF = irrigation x liquid fertilisation. 
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Table 2.8 Correlation coefficients (Spearman’s ρ) between N2O fluxes and gene abundances (AOA and AOB amoA and nosZ) and abiotic properties and, 
gene abundances and abiotic properties for each management practices (F, I, IF) and land-use (afforestation) and corresponding control treatment (n=96). 
Total C and N include measurements only taken in two sampling times (n=48). * (P < 0.05); ** (P < 0.01); *** (P < 0.001). AOA = ammonia-oxidizing 
archaea, AOB = ammonia-oxidizing bacteria, F = solid fertilisation, I = irrigation, IF = irrigation x liquid fertilisation. 
Variables 
F I IF Afforestation 
N2O 
AOA 
amoA 
AOB 
amoA 
nosZ N2O 
AOA 
amoA 
AOB 
amoA 
nosZ N2O 
AOA 
amoA 
AOB 
amoA 
nosZ N2O 
AOA 
amoA 
AOB 
amoA 
nosZ 
AOA amoA -0.23* - - - -0.12 - - - 0.50*** - - - 0.03 - - - 
AOB amoA -0.06 - - - -0.02 - - - 0.53*** - - - -0.11 - - - 
nosZ -0.27** - - - -0.01 - - - 0.12 - - - -0.07 - - - 
NH4
+ 0.39*** 0.05 -0.11 -0.50*** 0.02 0.12 0.03 0.30** -0.31** -0.21* -0.26* 0.04 0.12 -0.10 -0.02 0.00 
NO3
- 0.48*** 0.16 -0.18 -0.61*** 0.00 0.52*** 0.02 -0.16 0.66*** 0.70*** 0.54*** -0.03 0.03 0.66*** -0.08 0.04 
PO4
3- 0.48*** -0.06 -0.36*** -0.64*** 0.04 0.13 0.18 -0.03 0.75*** 0.53*** 0.54*** 0.06 0.06 0.37*** -0.02 0.11 
pH -0.40*** 0.25* 0.46*** 0.63*** 0.00 0.21*** 0.43*** 0.13 0.69*** 0.62*** 0.72*** 0.27** -0.08 0.05 -0.02 -0.01 
Total C 0.18 -0.08 0.11 -0.01 -0.03 -0.02 0.18 0.19 0.08 0.20 0.26 0.14 0.07 0.02 0.21 0.20 
Total N 0.20 -0.15 0.24 0.22 0.09 -0.07 0.40** 0.58*** 0.23 0.21 0.46** 0.40** 0.05 -0.02 0.43** 0.49*** 
C:N ratio 0.06 0.01 -0.13 -0.21 -0.19 -0.04 -0.14 -0.29* -0.25 -0.07 -0.29* -0.27 -0.10 0.04 -0.09 -0.13 
Gravimetric moisture 0.12 0.11 0.08 0.19 0.00 0.20 0.15 -0.12 0.69*** 0.66*** 0.57*** 0.00 0.02 -0.04 -0.31** -0.27** 
WFPS 0.12 0.26* 0.18 0.13 0.00 0.25* 0.17 -0.07 0.68*** 0.70*** 0.60*** 0.03 0.05 0.04 -0.19 -0.16 
Soil temperature 0.08 -0.41*** 0.15 0.20 -0.07 -0.31** 0.27** 0.40*** -0.09 
-
0.35*** 
-0.02 0.36*** -0.04 -0.09 0.20 0.40*** 
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Figure 2.6 Relative importance of environmental drivers such as microbial gene abundances 
(red columns) and other abiotic properties as predictor variables in models of (A) N2O, (B) 
CH4 and (C) CO2 emissions. The height of each column is the sum of Akaike weights (wi) of 
all models that included the predictor of interest, taking into account the number of models 
in which each predictor appears. Positive (+) and negative (-) signals on top of each column 
corresponds to the direction of estimates for each predictor variable. Variable abbreviations 
are as in Table 2.2. 
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The best and most parsimonious models describing CH4 fluxes contained two and 
one variable, inorganic N and pmoA explaining 36% (Model #1; Table 2.7b) and 
pmoA explaining 32% of the variance found in CH4 fluxes (Model #7; Table 2.7b). 
In fact, a negative relationship of pmoA abundance with CH4 fluxes was still 
significant for all treatments (P<0.001; Figure 2.7A, 2.7B, 2.7C; Table 2.9). When 
removing pmoA from the best model, the variance explained substantially decreased 
to 15% (Model #9; Table 2.7b). Among all tested predictors, inorganic N and pmoA 
were the most important factors explaining CH4 fluxes with WFPS and pH having 
the least importance in the models obtained (Figure 2.6B). 
 
Table 2.9 Correlation coefficients (Spearman’s ρ) between CH4 fluxes and pmoA gene 
abundance and abiotic properties and, pmoA gene abundance and abiotic properties for each 
management practices (F, I, IF) and land-use (afforestation) and corresponding control 
treatment (n=96). Total C and total N include measurements only taken in two sampling 
times (n=48). NS = not significant (P>0.05); * (P < 0.05); ** (P < 0.01); *** (P < 0.001). F 
= solid fertilisation, I = irrigation, IF = irrigation x liquid fertilisation. 
Variables 
F I IF Afforestation 
CH4 pmoA CH4 pmoA CH4 pmoA CH4 pmoA 
pmoA -0.67*** - -0.46*** - -0.51*** - -0.41*** - 
NH4
+ 0.33*** -0.38*** -0.16 0.19 -0.06 -0.08 -0.05 0.01 
NO3
- 0.44*** -0.53*** 0.11 -0.09 0.10 0.02 -0.15 0.01 
PO4
3- 0.61*** -0.71*** 0.32** -0.23* 0.22* -0.08 -0.03 -0.15 
pH -0.74*** 0.72*** -0.04 0.25 -0.06 0.38*** -0.14 -0.03 
Total C 0.53*** -0.16 0.26 -0.08 0.34* -0.14 0.19 -0.09 
Total N 0.45** 0.10 0.24 0.33* 0.36* 0.14 0.16 0.21 
C:N ratio 0.39** -0.30* 0.28 -0.40** 0.34* -0.49*** 0.12 -0.28 
Gravimetric moisture 0.00 -0.02 0.17 -0.14 0.20 0.03 0.18 -0.47*** 
WFPS -0.18 0.05 0.03 -0.03 0.08 0.15 0.04 -0.27** 
Soil temperature -0.10 0.09 -0.22* 0.15 -0.18 0.09 -0.29** 0.26* 
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Figure 2.7 Relationship of key microbial gene abundances ((A-C) pmoA; (D-F) 16S rRNA) and CH4 fluxes and CO2 fluxes, respectively, under management 
practices (C+F, C+I, C+IF). The solid and dashed lines represent the fitted linear regressions and their 95% confidence intervals, respectively. C = control, F = 
solid fertilisation, I = irrigation, IF = irrigation x liquid fertilisation. 
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P < 0.001 P < 0.001 P < 0.001
(D) (E) (F)R2 = 0.197R2 = 0.125 R2 = 0.183
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In the case of CO2 emissions, the best and most parsimonious models contained three 
and two predictor variables. Water-filled pore space, soil temperature and bacterial 
(16S rRNA) abundance explaining 65% of the variance found in CO2 emissions 
(Model #1; Table 2.7C) and WFPS and soil temperature alone explaining 61% 
(Model #6; Table 2.7C). However, when considering 16S rRNA gene abundance as 
the unique driver of CO2 fluxes, this predictor explains 30% of the variance (Model 
#9; Table 2.7C) and a significant positive relationship was still found in all 
treatments (P<0.001; Figure 2.7D, 2.7E, 2.7F; Table 2.10).Water-filled pore space, 
soil temperature and 16S rRNA gene abundance were the predominant and equally 
important predictors of CO2 emissions within the variables considered (Figure 2.6C). 
 
Table 2.10 Correlation coefficients (Spearman’s ρ) between CO2 fluxes and bacterial gene 
abundance and abiotic properties and, 16S rRNA gene abundance and abiotic properties for 
each management practices (F, I, IF) and land-use (afforestation) and corresponding control 
treatment (n=96). Total C and N include measurements only taken in two sampling times 
(n=48). * (P < 0.05); ** (P < 0.01); *** (P < 0.001). F = solid fertilisation, I = irrigation, IF 
= irrigation x liquid fertilisation. 
Variables 
F I IF Afforestation 
CO2 
16S 
rRNA 
CO2 
16S 
rRNA 
CO2 
16S 
rRNA 
CO2 
16S 
rRNA 
16S rRNA 0.33** - 0.45*** - 0.39*** - 0.32** - 
NH4
+ -0.22* -0.32** -0.01 0.23* -0.11 0.01 0.24* 0.21 
NO3
- -0.25* -0.53*** -0.14 -0.10 0.44*** 0.19 -0.09 -0.07 
PO4
3- -0.22* -0.57*** 0.22* -0.02 0.48*** 0.13 -0.23* -0.17 
pH 0.29** 0.66*** 0.36*** 0.29** 0.50*** 0.40*** 0.62*** 0.26* 
Total C -0.26 -0.07 -0.11 -0.11 0.05 0.06 -0.03 0.09 
Total N -0.28 0.00 0.12 0.01 0.19 0.17 0.04 0.29* 
C:N ratio -0.13 -0.13 -0.28 -0.17 -0.25 -0.30* -0.22 -0.25 
Gravimetric moisture 0.14 0.16 0.16 0.11 0.41*** 0.27** 0.26 -0.14 
WFPS 0.20* 0.13 0.20 0.18 0.46*** 0.32** 0.29** -0.04 
Soil temperature 0.53*** 0.12 0.52*** 0.13 0.39*** 0.03 0.35** 0.24* 
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2.4. Discussion 
2.4.1 Quantification of N2O, CH4, and CO2 emissions and net GWP under 
management practices  
My results show the soil from this study is not a natural source of N2O since most 
fluxes measured in C treatment were negligible. In fact, only fertiliser (F and IF) 
amended treatments had significant N2O emissions. These findings are supported by 
a meta-analysis study which shows that N amendment results in greater N2O release 
from non-agricultural soils (Aronson and Allison, 2012). Surprisingly, I treatment 
alone did not affect N2O emissions but F and IF treatments had significant N2O 
fluxes, with IF having 16-fold higher fluxes compared to F. Consequently, forest 
management practices (F and IF) had significantly increased net soil GWP.  
All soils under C, F, I and IF acted as a CH4 sink, with rates of CH4 oxidation in 
forest soils known to generally exceed those of other ecosystems and land-use (Dalal 
and Allen, 2008). However, under N fertilised amendment with no irrigation (F), the 
CH4 sink was substantially reduced which directly increased its contribution to the 
soil net GWP. Under the remaining treatments, the CH4 sink made no contribution to 
the net GWP when considering N2O, CH4, and CO2 altogether. This is because CO2 
is the main contributor to net GWP due to its higher soil efflux in comparison to N2O 
and CH4.  
Carbon dioxide emissions were substantially increased in I and IF whereas a 
significant decrease under F was observed. Previously, a reduction of soil microbial 
respiration due to N fertilisation has been reported which was attributed to shift in 
metabolic capabilities of soil microbial communities (Bowden et al., 2004, Ramirez 
et al., 2010). These results also suggest that in this ecosystem, microbial respiration 
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was further constrained by water availability. This reduction in soil respiration leads 
to a change of direction of the net GWP of soils under F treatment. This contrasts 
with CO2 contribution to a higher net GWP from soils under I and IF. Nonetheless, 
this study does not take into account the CO2 emission balance between aboveground 
vegetation and belowground respiration. In fact, higher CO2 emissions found in I and 
IF are also followed by higher tree height and diameter (Frew et al., 2013) which 
may compensate the CO2 efflux from soil and hence reduce the net GWP of the 
managed plantation studied. 
 
2.4.2 Impact of management practices and environmental drivers on N2O 
emissions 
This study suggests that ammonia-oxidizers, through nitrification-mediated processes 
are the principal source of N2O emissions in the IF treatment, since soil NH4
+
 
appears to be the substrate for N2O emissions as the significantly higher emissions 
coincided with a significant decline in NH4
+
. Nitrous oxide production in soil by 
autotrophic nitrification is traditionally considered to be minor in comparison to 
heterotrophic denitrification (Dalal and Allen, 2008). However nitrification, rather 
than denitrification have been reported to be the main source of N2O emissions in 
semi-arid regions as soils are rarely sufficiently anaerobic to induce denitrification 
(Barton et al., 2008, Galbally et al., 2008). Furthermore, the capability to denitrify by 
AOA and AOB makes nitrifier-denitrification a distinct pathway from denitrification 
because it is not negatively impacted by oxygen. In addition, it was found that N2O 
emissions under IF were positively correlated with amoA gene abundance of AOA 
and AOB as well as with WFPS but not with nosZ gene abundance. This provides 
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support for the argument that ammonia-oxidizers play a significant role in N2O 
emissions under increased water and N availability. In fact, Hu et al. (2015), reported 
significantly higher potential nitrification rates and amoA activity under the same 
treatment when studying the metabolic activity of ammonia oxidizers in the same 
field site. Nonetheless, under F, even though N2O emissions were significantly 
higher in comparison to C, they were much lower than IF. Ammonium, NO3
-
 and 
PO4
3-
 were also found to be three, eight and seven times higher in F in comparison to 
C, suggesting a reduction in the uptake of these nutrients by plants and/or microbial 
communities, possibly due to water limitation of microbial activity. Plots without 
irrigation treatments (C and F) were clearly water limited with WFPS and 
gravimetric moisture content values of approximately 5% and 2%, respectively. 
Together with flux data, the present results provide evidence that both N2O emissions 
and functional microbial communities were water and substrate limited in this 
ecosystem. Indeed, Hu et al. (2015) found similar results and showed that AOA and 
AOB communities remained inactive or dormant in the treatments without irrigation 
(C and F) in comparison to irrigated treatments (I and IF).  
A significant reduction of nosZ gene abundance was also observed under F. It has 
been found that denitrification enzymes can remain active under aerobic conditions, 
with the exception of N2O reductase, which seems to be more sensitive to O2 
(Morley et al., 2008, Richardson et al., 2009). Additionally, low pH is also known to 
slow down turnover and assembly of N2O reductase (Richardson et al., 2009, 
Bergaust et al., 2010), with reports of increasing N2O:N2 ratio with decreasing soil 
pH (Šimek et al., 2002, Dannenmann et al., 2008, Barton et al., 2013).  
In an attempt to further identify environmental drivers that best explain N2O 
emissions in a dryland forest, a multi-model inference approach was applied. The 
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best model describing N2O emissions from all management practices studied 
explained 25% of the variance found in N2O fluxes and included WFPS, inorganic N, 
pH as well as AOB. The low variance explained highlights that complex pathways 
responsible for N2O emissions are not fully accounted for. All microbial groups were 
positively related to N2O, with higher importance of ammonia oxidizers over N2O-
reducing bacteria abundance. Nonetheless, this study is limited to gene abundance 
and does not take into account other factors, including gene expression (Braker et al., 
2012) which could help determine whether N2O-reductase remained inactive, 
particularly in F. Overall, this study provides evidence that N2O emissions are 
directly linked to water availability, substrate concentration and functional microbial 
communities. Overall, the above results further suggest that in dryland forest 
ecosystems, nitrifier-mediated processes (nitrification and/or nitrifier denitrification), 
are important pathways for N2O emissions. 
 
2.4.3 Impact of management practices and environmental drivers on CH4 
emissions 
Methane fluxes observed in this study were negatively correlated with pmoA gene 
abundance in all treatments with the strongest relationship found in F. Furthermore, 
both CH4 uptake and pmoA gene abundance were significantly reduced under F. The 
effect of N fertilisers on CH4 fluxes have been widely studied in recent years and it is 
thought that N can inhibit CH4 uptake in soil due to competitive inhibition of CH4 
oxidation at the microbial enzyme level (Bodelier, 2011). This is because enzymes 
which carry out CH4 oxidation and ammonia oxidation, have a similar structure and 
substrate specificities and therefore both compete for O2, CH4 and NH3 (Mosier et 
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al., 2004). This in turn can create an inhibitory effect of NH4
+
 produced in the soil 
and/or added through ammonia based fertilisers on CH4 oxidation (Hanson and 
Hanson, 1996, Dalal et al., 2008). In fact, in the IF treatment, NH4
+
 concentration 
was much lower in comparison to F which could explain the higher CH4 oxidation 
observed in this treatment, potentially leading to less inhibition of CH4 oxidation. 
Furthermore, in F, both NH4
+
 and NO3
-
 were negatively correlated to pmoA 
abundance as opposed to no significant correlation in the remaining treatments, 
providing evidence of the negative impact of N accumulation in the soil on CH4 
oxidation activity. 
Taking a multi-model inference approach it has shown that 36% of the variance of 
CH4 flux across all management practices was explained by inorganic N and pmoA 
abundance. When removing pmoA as a potential predictor of CH4 flux from the best 
model obtained, the variance explained substantially decreased to 15% suggesting 
that the abundance of methanotrophs has a direct effect on the net CH4 emission 
balance in these soils. This finding is consistent with a previous report which linked 
methanotroph abundance with CH4 oxidation rates (Menyailo et al., 2008). In fact, 
inorganic N and pmoA were the predictors with higher importance in all models 
generated, with inorganic N having a positive impact on CH4 fluxes and all the 
remaining predictors having a negative impact on CH4 fluxes (i.e. by increasing CH4 
oxidation). It could be expected that WFPS would play a more important role in 
predicting CH4 fluxes by directly affecting soil O2 levels and diffusion rates (Tate et 
al., 2007), but its low importance suggests the fluctuations observed between 
treatments were not sufficient enough to negatively alter CH4 oxidation rates. 
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2.4.4 Impact of management practices and environmental drivers on CO2 
emissions 
This study shows a significant increase in CO2 flux under I and IF treatments. 
Increased water availability in dryland ecosystems is known to increase soil 
respiration, particularly in the form of pulses of increased CO2 emissions following 
rainfall events (Yan et al., 2011, Yan et al., 2014). It was found a significant 
correlation between bacterial abundance and CO2 fluxes in all treatments providing 
evidence that bacterial abundance has a substantial role in soil CO2 emissions. 
Furthermore, bacteria are the most abundant microbes in the soil (Singh et al., 
2009a), including at this site (Federica Colombo personal communication), making 
them the most important driver of soil CO2 emissions (Singh et al., 2010). The 
reduction in soil respiration due to N fertilisation could be attributed to a decline in 
microbial biomass (Treseder, 2008) or to a reduction in organic matter 
decomposition, where N is not limiting microbial growth (Janssens et al., 2010). Not 
only it was observed a significant reduction of CO2 emissions in F but also a 
significant reduction in bacterial abundance, with both CO2 and 16S rRNA 
abundance showing a negative correlation with both NH4
+
 and NO3
-
. Furthermore, 
CO2 emissions and 16S rRNA abundance were significantly increased in IF which 
suggests that the soil respiration response to N addition was highly dependent on 
water availability since water availability is known to moderate the effect of other 
factors on soil respiration (such as temperature and substrate supply; Yan et al. 
(2011)). It is possible that increased root respiration had also contributed to 
increasing soil CO2 emissions under IL treatment because increased tree growth was 
observed in this treatment. 
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Water-filled pore space, soil temperature and 16S rRNA abundance explained 65% of 
the variance of CO2 emissions by applying a multi-model inference approach, 
whereas 16S rRNA abundance alone explained 30%. Furthermore, these three 
predictors were the most important ones in all models accounted for by increasing 
CO2. Clearly soil temperature, together with moisture are paramount in controlling 
microbial activity (Singh et al., 2010) and thus CO2 efflux from soil (Karhu et al., 
2014). Hence, in this study both seem to be key environmental factors affecting 
microbial growth and activity. Inorganic N and pH were less important in predicting 
CO2 emissions which further suggests that in dryland ecosystems even though N can 
reduce soil respiration this is highly dependent on the antecedent soil water 
availability and optimal temperature for microbial activity. 
 
2.4.5 Impact of land-use change (afforestation) and environmental drivers on 
GHG emissions and net GWP 
Land-use change, as in afforestation, did not significantly affect differences in soil 
N2O emissions and CH4 uptake, whereas a reduction in CO2 emissions was observed. 
In fact, N2O emissions were virtually non-existent under both G and C. Previous 
studies have reported that it may take more than eight years before afforestation-
mediated changes in GHG fluxes can be detected (Singh et al., 2009b, Nazaries et al., 
2011). This may explain the lack of difference in GHG fluxes between G and C, 
because this forest plantation is only six years old. It was expected that there would 
be negligible contributions of both N2O and CH4 to net GWP in afforested soils, with 
the main contribution coming from the reduction of soil CO2 emissions leading to a 
negative net GWP. 
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Gene abundances of ammonia-oxidizers, N2O-reducing bacteria and methanotrophs 
were also not significantly different in G and C whereas 16S rRNA abundance was 
significantly different between treatments and positively correlated to CO2 
emissions. Although changes in multiple abiotic factors were observed due to 
afforestation (such as decrease in NH4
+
, pH and WFPS), these do not seem to be 
enough to substantially alter N2O and CH4 related microbial abundance. Studies have 
shown lower soil respiration in woodlands relative to grasslands (Raich and 
Tufekciogul, 2000, Smith and Johnson, 2004) and even a reduction from natural 
forests to plantations has been found (Sheng et al., 2010). The results presented here 
are similar, with a significant reduction of CO2 emissions under afforested soils. 
Moreover, it has been shown that the conversion of grasslands to woodlands can 
have limited effects on soil N processes (McKinley et al., 2008) and the present 
study shows reduced effect of afforestation on inorganic N. This suggests that other 
environmental drivers can be affecting soil respiration, not to mention the 
contribution of grass root respiration not accounted for in this study. Water-filled 
pore space and soil temperature were significantly decreased under afforestation and 
also positively correlated to CO2, further supporting previous reports of water 
availability and soil temperature as a main driver of CO2 emissions (Davidson et al., 
2006).  
 
2.5 Conclusions 
In this study I identify mechanistic pathways and drivers of GHG fluxes under a dry 
sub-humid forest ecosystem. These soils were not natural emitters of N2O and CH4 
but under current management practices their individual contributions to net GWP 
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increased. Overall, soil N2O and CO2 fluxes were limited by water whereas N2O and 
CH4 were further constrained by N availability. Nitrous oxide emissions showed a 
strong relationship with ammonia-oxidizing communities, suggesting that nitrifier-
denitrification pathway could be a principal contributor to N2O emissions. All soils 
were a CH4 sink but the sink capacity was constrained by the addition of N fertilisers 
which was linked to the abundance of methane-oxidizing community. This study also 
provides novel evidence that functional microbial groups are the major predictors of 
GHG emissions along with water and substrate availability. These findings improve 
the mechanistic understanding of GHG emissions in dryland forest ecosystems, 
which should be considered in formulating future mitigation options. 
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CHAPTER 3 FEEDBACK RESPONSES OF SOIL 
GREENHOUSE GAS EMISSIONS UNDER ELEVATED 
CO2 AND TEMPERATURE ARE MODULATED BY 
SOIL CHARACTERISTICS IN DRYLAND 
ECOSYSTEMS 
 
3.1 Introduction 
Increased atmospheric concentrations of N2O, CH4 and CO2 emissions are 
responsible for current global warming by substantially increasing the greenhouse 
gas effect (IPCC, 2013). Atmospheric CO2 concentrations in particular, are the 
largest contributing factor to climate change since the industrial revolution (IPCC, 
2013). Furthermore, global temperatures are predicted to increase by between 1.2 
and 4.8 C by the end of the 21
st
 century (IPCC, 2013), with the direction and 
magnitude of terrestrial GHG responses (feedback responses) to climate change not 
fully known. Thus, GHG feedback responses could further accelerate (positive 
feedback response) or decelerate (negative feedback response) under elevated CO2 
and temperature (Singh et al., 2010). Additionally, interactive effects of elevated CO2 
and temperature are of great importance because these changes currently occur 
simultaneously, with single-factor responses likely to overestimate GHGs feedback 
responses (Larsen et al., 2011, Brown et al., 2012).  
Large areas of Australia are typified by nutrient-poor soils that support aboveground 
vegetation adapted to low nutrient availability. Many are classified as drylands, with 
75 
 
about 70-85% of Australia classified as arid or dry (Orians and Milewski, 2007). 
Globally, drylands cover approximately 41% of the Earth surface (Millennium 
Ecosystem Assessment, 2005) and are predicted to increase by 10% under climate 
change (Feng and Fu, 2013). Moreover, climate change experiments suggest that 
ecosystem responses may be constrained over the long-term by nutrient availability, 
due to a progressive loss of the available nutrient pool in the soil (Luo et al., 2004, 
Luo, 2007). It is therefore important to study nutrient poor ecosystem dynamics, both 
in the short-term and long-term, under future climate change scenarios, to better 
understand how these extremely vulnerable ecosystems respond in terms of GHG 
feedback responses. 
Microbial communities are known to have a crucial role in soils nutrient cycling 
(Harris, 2009). Previous studies have shown that microbial communities are strongly 
impacted by environmental factors such as nutrient availability, pH and increasing N 
deposition (Pennanen et al., 1999, Rousk et al., 2010, Fierer et al., 2012), with 
Koorem et al. (2014) showing that soil nutrient content is also capable of shaping 
microbial abundances in the soil. Furthermore, under climate change treatments, 
microbial communities have been shown to respond differently across soils with 
different nutrient conditions, directly affecting soil respiration rates (Karhu et al., 
2014). This suggests that soil nutrient availability may have an important role in 
shaping belowground responses. Soil abiotic properties, particularly substrate 
availability (mineral N and labile C), but also soil temperature, moisture, pH and gas 
diffusivity are capable of directly or indirectly impacting GHG emissions (Dalal and 
Allen, 2008). 
Meta-analyses focusing on the effect of elevated CO2 and elevated temperature have 
become more common, further assisting in the understanding of ecosystem GHGs 
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responses. Previous studies have shown that elevated CO2 enhanced N2O emissions 
from upland soils and CH4 emissions from wetlands and rice fields (van Groenigen et 
al., 2011, Dijkstra et al., 2012). While in an upland grassland soil the net  N2O and 
CH4 sink has been found to decrease under elevated CO2 and temperature (Dijkstra et 
al., 2013). Soil CO2 emissions have also been found to increase under elevated CO2 
and temperature (Cox et al., 2000, Piao et al., 2009, Adair et al., 2011). However, the 
interactive effects of CO2 and temperature can offset the individual effects by 
changing the environmental conditions for microbial activity. For example, elevated 
CO2 can increase soil moisture levels due to increasing water use efficiency by plants 
whereas warming can directly reduce soil moisture contents by evaporation (Morgan 
et al., 2011). This can lead to a less than additive impact of interactive climate 
treatments on GHG emissions in comparison to individual effects. However, none of 
these previous studies have evaluated the response of microbial communities as key 
drivers of GHG emissions, rather exclusively focusing on environmental parameters 
as possible explanations for changes in GHG fluxes. Nonetheless, there are studies 
that have investigated the effects of elevated CO2 and temperature on N2O emissions 
together with both nitrifier and denitrifier communities (Regan et al., 2011, Cantarel 
et al., 2012). In the case of CH4, a few studies have consideredclimate change effects 
on methanotrophs (Horz et al., 2005, Mohanty et al., 2007). Due to the complexity of 
the C cycle, and the numerous microorganisms involved, process rates rather than 
functional microbial groups are more frequently targeted. Given the central role of 
microbes in GHG fluxes, studies linking (functional) microbial communities under 
future climate change scenarios are needed in order to better estimate future GHG 
feedback responses, and develop effective mitigation and adaptation strategies. 
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This study aimed at quantifying the magnitude and direction of N2O, CH4 and CO2 
emissions under elevated CO2 (400 ppm vs. 600) and elevated temperature (ambient 
vs. +3C increase) treatments and their interactive effects, from three Australian 
dryland soils with low nutrient availability. It was also aimed to identify the key 
environmental drivers (microbial and/or abiotic) of GHG emissions. In addressing 
these aims I hypothesised that climate change treatments would indirectly impact 
N2O, CH4 and CO2 emissions due to changes in soil moisture. Individual elevated 
CO2 treatment indirectly increases soil moisture, whereas individual elevated 
temperature treatment directly decreases soil moisture. Thus, favouring microbial 
activity by indirect or direct effects and consequently favouring GHG emissions. 
However, interactive treatments would offset individual treatment effects due to the 
antagonistic effect on soil moisture.   
 
3.2 Materials and methods 
3.2.1 Sampling sites 
Three dryland field sites were selected based on low nutrient status (described in 
section 3.2.3): two (Rosemary [R] and Camerons [C]) located at the University of 
New England’s Newholme farm near Armidale, NSW (S30°25’20.87”, 
E151°39’21.67”) and one (Driftway [D]) in Richmond, NSW (S33°37’11.3”, 
E150°44’12.4”). Armidale is located 375 km north of Sydney on the Northern 
Tablelands of NSW. The climate is defined by an average annual precipitation of 755 
mm and a mean annual maximum temperature of 20.2°C and a mean annual 
minimum temperature 6.1°C based on the mean for years 1997 to 2015 from 
Meteorological Bureau Station 056037 (http://www.bom.gov.au). R and C soils are 
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located approximately 1 km apart and are classified as Yellow Chromosols. Both soil 
sites have a history of removal of native Eucalyptus woodland for cattle grazing or 
managed pastures with scattered native trees. In particular, R soil represents 
ungrazed and unimproved open canopy woodland and C soil represents semi-
improved (occurrence of fertilisation and/or legume inoculum more than two decades 
ago) open grazed woodland (Wilson et al., 2007). D soil is located in native 
Eucalyptus woodland 60 km west of Sydney and classified as a Chromosol within 
the Clarendon Formation (Barton et al., 2010). Based on the Australian government 
Bureau of Meteorology available data, the climate is defined by an average annual 
precipitation of 800 mm for years 1881 to 2015. It is characterised by a mean annual 
maximum temperature of 23.9°C and a mean annual minimum temperature 10.5°C 
based on the mean for years 1907 to 1975 from Meteorological Bureau Station 
067021 (http://www.bom.gov.au). Soil sites are characterized by a 
precipitation/evapotranspiration ratios of 0.5 and 0.6 for R/C and D soils, 
respectively, and thus classified as dry sub-humid ecosystems under the UNEP 
classification (Millennium Ecosystem Assessment, 2005). 
 
3.2.2 Collection of soil monoliths, experimental design and climate-controlled 
growth chamber conditions 
At each site, 24 soil monoliths of 22 L were collected in March 2012. Briefly, a PVC 
tube (25 cm diameter x 45 cm height) was inserted into the ground to 40 cm, and 
then dug out to obtain an intact soil monolith maintaining soil structure.  Each 
monolith was sealed at one end with PVC caps containing drainage holes to allow 
free water flow through the soil monolith.  The soils were transported back to 
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climate-controlled growth chambers (Biochambers, Manitoba, Canada) facilities at 
Western Sydney University whereby they were incubated under controlled CO2 
concentrations, temperature and humidity for a duration of nine months (Figure 3.1A 
- 3.1D).  
 
 
Figure 3.1 Controlled environment experiment of (a, b, c) soil monoliths with gas chamber 
apparatus and (d) growth room facilities. Photographs taken in 2012 by C. S. C. Martins. 
 
The work presented here was part of a large scale multi-disciplinary study that 
involved several researchers collaboratively collecting basic soil and plant data 
throughout the course of the experiment. The experiment included a full factorial 
design, with three different soil sites (R, C and D) and four climate treatment 
(a) (b)
(C)
A (B)
(D)
80 
 
combinations: ambient CO2 x ambient temperature (aCaT), elevated CO2 x ambient 
temperature (eCaT), ambient CO2 x elevated temperature (aCeT) and elevated CO2 x 
elevated temperature (eCeT). Ambient CO2 corresponded to 400 ppm and elevated 
CO2 to 600 ppm. Elevated temperature corresponded to +3°C of ambient temperature 
from monthly averages (from September to May), based on 60 year monthly average 
data from Meteorological Bureau Station 067021 (http://www.bom.gov.au) (Table 
3.1). 
 
Table 3.1 Monthly temperature (according to 60 year average data from Meteorological 
Bureau Station 067021, http://www.bom.gov.au) applied in ambient experimental conditions 
in the climate controlled growth chambers. Elevated temperature treatment included ambient 
day/night temperatures of +3
o
C with elevated CO2 (600 ppm) and ambient CO2 (400 ppm) 
concentrations in a full factorial design. 
Month 
Ambient day/night 
temperature (°C) 
September 22.1/7.1 
October 25.0/10.5 
November 27.1/13.1 
December 29.1/15.5 
January 29.4/16.8 
February 28.9/16.8 
March 27.1/15.0 
April 23.8/11.3 
May 20.3/7.3 
 
Six monoliths from each soil site were randomly selected for each climate treatment 
and acclimatized for one week to ambient conditions. Eucalyptus tereticornis 
seedlings were grown for three months, after which seedlings reporting similar 
developmental conditions were selected, in order to avoid variability in the 
establishment in replicate monoliths. Seedlings were then fertilised with 4 kg N ha
-1
 
in the first two weeks after plantation in order to promote tree establishment. The 
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watering regime implemented intended to maintain the soil moisture of all monoliths 
(10-20% w/w) within the annual range of field conditions (4-22% w/w). This 
approach was followed instead of monthly precipitation averages because of higher 
evapotranspiration experienced in growth chambers and to account for lack of plant 
access to water at depth. All experimental soil monoliths received the same amount 
of water according to season and consisted of 2-3 weekly watering events.. Soil 
monoliths were randomized every 4 to 6 weeks between growth chambers to avoid 
any potential chamber effects. Climate-controlled growth chambers were used to 
precisely manipulate light, temperature, humidity, and day-length cycles. Technical 
difficulties in maintaining night time temperatures with lower humidity lead the 
humidity to be kept constantly at 60%. Day length was also kept constant at 12 hours 
day/night throughout the experiment.   
 
3.2.2 Greenhouse gas flux measurement 
Greenhouse gas fluxes (N2O, CH4 and CO2) were measured quarterly, in a total of 
three sampling events,using a static chamber technique, as outline below. One PVC 
chamber base (diameter = 10.35 cm, height = 15.2 cm; Figure 3.1A, 3.1B) was 
inserted 5 cm into the soil in each soil monolith, at the beginning of the experiment 
and kept throughout the duration of the climate incubation, in order to minimise soil 
disturbance impact on GHG fluxes measurements. The chamber base was inserted 
slightly to the side, in order to avoid compromising seedling development. 
Greenhouse gas fluxes measurements were made after 3, 6 and 9 months (T3, T6 and 
T9). Measurements were not made at the start of the experiment to avoid potential 
confounding effects of N-fertilisation and to allow for tree establishment and tree 
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root development. Air samples were taken from the headspace (headspace volume ≈ 
858 cm
3
) after 0, 10, 20 and 30 minutes using a sampling port (butyl rubber septum; 
Sigma-Aldrich, USA) after fitting a PVC lid. Briefly, 15 ml of air was sampled using 
a 25 ml luer-lock plastic syringe using a hypodermic needle 25 mm, 25G. 
Measurements were taken in a randomized design between noon and 5pm, when 
daily temperatures were stable in order to minimize temperature variation effect on 
GHG sampling. Gas samples were handled and analysed as described in section 
2.2.2. 
Fluxes were calculated as in section 2.2.2 but upscaled to daily estimates due to the 
short duration of the incubation and number of sampling events undertaken. Fluxes 
were reported as milligrams of CO
2 
equivalents per square meter per day (mg CO
2
eq 
m
-2
 
day
-1
). The net GWP of each climate treatment for each soil site was also 
calculated as in section 2.2.2 but for each time point individually. Because no time 
effect was detected, the contribution of N2O, CH4 and CO2 individual emissions to 
the net GWP, for each soil site was calculated as in section 2.2.2, from mean values 
across all time points. 
 
3.2.3 Soil sampling and analyses 
Soil was collected from the field sites (0-15cm depth) in 2013 for mean site 
characteristics (NH4
+
, NO3
-
, PO4
3-
, pH, total C, total N, C:N ratio) (Table 3.2). 
Similar measurements were performed on soil monoliths but at 0-10 cm depth 
(Appendix B; Table B.1) and thus additional field measurements were made in 2013. 
During GHG collection soil temperature was measured at 0-12 cm soil depth next to 
chamber bases for each monolith with a portable probe (Jaycar electronics, Sydney, 
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Australia). Subsequently, after each gas sampling event,, two soil cores (2.0 cm 
diameter, 0-15 cm depth) were collected and sieved through a 2 mm‐mesh sieve and 
analysed for soil NH4
+
, NO3
-
, PO4
3- 
and pH as described in section 2.2.3. Subsamples 
were kept at -80°C for molecular analysis. Water-filled pore space from the soil 0-15 
cm, porosity and bulk density from 0-5 cm depth were calculated as in section 2.2.3. 
Bulk density, soil particle size analysis, porosity and total C and N were obtained at 
the final harvest (T9) only (Table 3.2). Soil particle size for soil site description was 
determined in monoliths exposed to ambient conditions only. 
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Table 3.2 Field site physicochemical characteristics (NH4
+
, NO3
-
, PO4
3-
, pH, total C, total N, 
C:N ratio, soil particle size) for each soil site (0-15cm depth) collected in 2013 when not 
referred otherwise. Values are means ± sem (n=6). Statistically significant differences 
between soil sites are represented by lower-case letters (a, b, c) according to multiple 
pairwise comparisons (P<0.1). 
Variables Rosemary Camerons Driftway 
NH4
+
 
(mg kg
-1
 dry soil) 
4.11 ± 1.12 3.40 ± 0.54 2.19 ± 0.73 
NO3
-
 
(mg kg
-1
 dry soil) 
2.51 ± 0.78 2.10 ± 0.56 3.96 ± 0.69 
PO4
3-
 
(mg kg
-1
 dry soil) 
3.31 ± 0.24 a 2.13 ± 0.08 b 2.91 ± 0.35 ab 
pH 
(H2O) 
6.26 ± 0.16 a 6.35 ± 0.03 a 5.29 ± 0.03 b 
Total C 
(g kg
-1
) 
14.22 ± 0.86 a 10.72 ± 0.20 b 9.62 ± 0.52 b 
Total N 
(g kg
-1
) 
1.10 ± 0.06 a 0.92 ± 0.02 b 0.75 ± 0.03 c 
C:N ratio 
(%) 
12.92 ± 0.13 a 11.67 ± 0.08 b 12.84 ± 0.27 a 
Texture 
class 

 
Clay loam Loam Loamy sand 
Sand 
(%) 

 
55.66 ± 1.31 b 61.06 ± 0.91 a 69.52 ± 2.56 a 
Silt 
(%) 

 
18.53 ± 0.96 a 17.53 ± 1.03 a 9.13 ± 0.90 b 
Clay 
(%) 

 
25.81 ± 1.73 21.41 ± 0.72 21.34 ± 1.91 

 Soil particle size and corresponding texture class was determined on soil monoliths from 
ambient CO2 and temperature treatment (aCaT) at the final harvest (T9). 
 
3.2.4 Soil physicochemical analyses 
Bulk density was determined on the top 5 cm using a stainless steel ring (3.5 cm 
diameter x 5 cm height; total volume 48 cm
3
). All other physicochemical 
characteristics (e.g. NH4
+
, NO3
-
, PO4
3-
, pH, total C, total N, C:N ratio) were 
determined as detailed in section 2.2.4. 
85 
 
3.2.5 DNA extraction and quantitative PCR analysis 
Total genomic DNA was extracted as described in section 2.2.5 but with the soil 
weight used as in the original protocol (0.25 g). DNA extraction yields were in the 
range 5.4-55.2 ng/µL with an average of 18.4 ± 7.3 ng/µL (mean ± standard 
deviation) and an A260/280 ratio of 1.94 ± 0.15 ng/µL. 
Quantification of the functional genes amoA for nitrifying AOA and AOB, nosZ for 
N2O-reducing bacteria and pmoA for methanotrophs and the phylogenetic gene 16S 
rRNA for total bacteria was followed as in section 2.2.5. Full details on gene-specific 
qPCR primer sequences and thermal cycling programs are listed in Table 2.2. PCR 
evaluation of the different target gene assays (efficiency, standard R
2
) were the 
following: AOA amoA (93%; ≥0.99), AOB amoA (71-77%; ≥0.99), nosZ (94-105%; 
≥0.99), pmoA (89-109%; ≥0.98) and 16S rRNA (111%; ≥0.99). 
3.2.6 Statistical analysis 
The effect of climate treatments (CO2, temperature) and soil sites were tested 
together with the effect of time, and all interactions, using a repeated measures linear 
mixed effect model approach, with replicate monoliths within each experimental 
climate treatment nested within time as random effects. This was done in order to 
minimize temporal variability effects. An autoregressive AR (1) covariance structure 
was used for the fit of the repeated measurements. To further study the effect of 
climate treatments within each soil a similar approach was applied for each soil 
separately. Additionally, soil temperature and/or soil moisture were added as random 
effects when assessing treatment effects. When necessary, data were transformed 
(logarithm or square root) to improve assumptions of normality. Analysis of variance 
was applied to test the effect of treatment and time on net GWP. Effects were 
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considered to be statistically significant at P<0.05 and marginally significant at 
P<0.1 due to the high variability and complexity of the data collected (Oishi et al., 
2014, Crous et al., 2015). This was done in order not to exclude any potential 
treatment effect that could be taking place. A Bonferroni post-hoc test was used for 
multiple pairwise comparisons. 
Spearman correlation analysis was performed on all soils together and separately to 
assess possible relationships between response variables and drivers. A multi-model 
inference approach was followed as detailed in section 2.2.5. Ammonium and NO3
-
 
were combined hereafter and used as a measure of extractable inorganic N in the soil. 
Due to strong intercorrelation between WFPS and gravimetric moisture (r=0.52; 
P<0.001), WFPS was selected for further analysis. C:N ratio was also considered for 
multivariate analysis as a constant variable throughout time. In addition, terms 
representing the treatments CO2, temperature, soil site and all interactions were 
included as categorical variables (Powell et al., 2015) to account for indirect effects 
of unmeasured predictors affected by treatments. The significance of predictor 
variables from the best and most parsimonious model obtained for each GHG from 
the multi-model approach was tested by a multiple linear regression procedure 
(P<0.05). Carbon dioxide revealed a more complex model, with the inclusion of the 
treatment CO2 x temperature x soil interaction treatment. For this reason, when 
assessing the significance of predictor variables from the best model, all categorical 
treatment variables were included. All statistical analyses were performed with 
GENSTAT v16 (VSN International Limited, Hemel Hempstead, UK). Multi-model 
analyses were carried out using SAM 4.0 (Rangel et al., 2010). 
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3.3 Results 
3.3.1 Effect of elevated CO2, elevated temperature and soil site on N2O, CH4, 
and CO2 fluxes 
Soil site strongly influenced all three GHGs emissions (N2O: P=0.010; CH4: 
P=0.013, CO2: P<0.001; Appendix B, Table B.2). Nitrous oxide emissions in D soil 
(36.04 ± 9.77 mg CO2 eq m
-2
 d
-1
) were 254% and 134% greater compared to R and C 
soils respectively, whereas R and C soils were not significantly different from each 
other (Figure 3.2A). Methane fluxes showed contrasting results in R and C soils, 
with significantly higher uptake observed in R soil (-15.67 ± 5.19 mg CO2 eq m
-2
 d
-
1
), in comparison to higher net emissions observed in  C soil (5.47 ± 6.26 mg CO2 eq 
m
-2
 d
-1
; Figure 3.2B). D soil (-2.40 ± 5.55 mg CO2 eq m
-2
 d
-1
) depicted higher CH4 
flux variability between sink and net emissions and thus was not significantly 
different from the other two soils. Carbon dioxide emissions were 31% and 18% 
greater in R and C soils respectively, in comparison to D soil (3138 ± 163 mg CO2 eq 
m
-2
 d
-1
). Carbon dioxide emissions from R and C soils were not significantly 
different from each other (Figure 3.2C). From all flux measurements only 40% were 
above MDF in the case of N2O and 74% in the case of CH4, whereas CO2 fluxes 
were all above the minimum detectable flux. 
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Figure 3.2 Effect of soil site on (A) N2O emissions, (B) CH4 emissions and (C) CO2 
emissions, expressed as CO2 equivalents per square meter per day. Values represent mean ± 
sem (n=72) of all time points under all climate treatments. Statistically significant 
differences are represented by different letters (a, b), according to multiple pairwise 
comparisons (P<0.1). Light grey represents Rosemary soil, dark grey represents Camerons 
soil and black represents Driftway soil. 
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Elevated temperature treatments increased CO2 emissions in all soils. Specifically, 
by 46% (aCeT) and 34% (eCeT) in R soil, 49% (aCeT) and 26% (eCeT) in C soil 
and 48% (aCeT) and 9% (eCeT) in D soil (Figure 3.3C; R: P=0.047; C: P=0.034; D: 
P=0.031; Appendix B, Table B.3), showing a less than additive effect when 
interacted with elevated CO2. In contrast, no significant elevated CO2 and elevated 
CO2 x elevated temperature interaction effects on CO2 emissions were detected in 
any soils (Appendix B, Table B.3). 
For CH4 fluxes elevated temperature treatments increased CH4 uptake in both R and 
C soils (Figure 3.3B; P=0.079, P=0.020; Appendix B, Table B.3). In R soil it was 
observed a 388% increase in aCeT and a 246% increase in eCeT compared to the 
ambient control. Whereas in C soil, only individual aCeT treatment led to a change 
from net CH4 emissions to uptake with a 171% increase in CH4 uptake. 
Contrastingly, in D soil, elevated temperature (aCeT) decreased CH4 uptake, leading 
to an increase in net emissions of 168% in comparison to ambient control (Figure 
3.3B; P=0.092; Appendix B, Table B.3).  
Nitrous oxide fluxes only showed significant treatment differences in C soil, 
particularly under both individual elevated CO2 (eCaT) and elevated temperature 
treatments (aCeT), with a 849% and 780% increase, respectively, in comparison to 
ambient control (Figure 3.3A; P=0.018; Appendix B, Table B.3). Interactive 
treatment effects (eCeT) were not significantly different from ambient control. All 
GHG fluxes were significantly different across time in D soil, with CO2 and N2O 
emissions and CH4 oxidation resulting in lowest fluxes at the end of the climate 
incubation (T9). Only CO2 fluxes were different across time in R and C soils, also 
with lowest flux emissions detected at the end of the incubation (Appendix B, Table 
B.3; Table B.4). 
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Figure 3.3 Climate effect on (A), N2O, (B) CH4 and (C) CO2 emissions. Values represent 
mean ± sem (n=18) of all time points for each soil site. Statistically significant differences of 
CO2 x temperature interaction effect are represented by lower-case letters (a, b) and elevated 
temperature effect is represented by upper-case letters (A, B), according to multiple pairwise 
comparisons (P<0.1) within a soil site. Black symbols represent ambient treatment (aCaT), 
blue symbols indicate elevated CO2 (eCaT), red symbols indicate elevated temperature 
(aCeT) and white symbols represent elevated CO2 x elevated temperature (eCeT). R = 
Rosemary soil, C = Camerons soil and D = Driftway soil. 
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3.3.2 Effect of elevated CO2 and elevated temperature on net GWP 
Elevated temperature alone (aCeT) increased net GWP by 40%, being significantly 
greater than the 8% increase under elevated CO2 alone (eCaT) (Figure 3.4B).  
Elevated CO2 x elevated temperature interaction (eCeT) was not significantly 
different from individual climate treatments, presenting a net GWP of 24% (Figure 
3.4B), illustrating a less than additive trend of individual treatments. In fact, eCeT 
net GWP depicted a slight offset of aCeT treatment net GWP. Overall, CO2 had the 
highest contribution to the net GWP across all treatments, with negligible 
contributions from N2O and CH4 fluxes.  
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Figure 3.4 Net GWP (%) of elevated CO2 (eCaT), elevated temperature (aCeT) and elevated CO2 x elevated temperature interaction (eCeT) including all N2O, 
CH4 and CO2 flux measurements in comparison to ambient control treatment (ambient CO2 x ambient temperature). Figure illustrates the mean net GWP for 
each climate treatment with all three soil sites together. Values represent mean ± sem. Statistically significant differences are represented by different letters (a, 
b), according to multiple pairwise comparisons (P<0.1). The table illustrates the contribution (%) of each treatment-induced GHG emission to the net GWP, 
for each individual gas in each soil site. * refers to treatments under which N2O, CH4 or CO2 showed significant differences in comparison to control 
treatment. R = Rosemary soil, C = Camerons soil and D = Driftway soil. 
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Treatments
Contribution (%) of individual GHGs to net GWP
Rosemary soil Camerons soil Driftway soil
N2O CH4 CO2 N2O CH4 CO2 N2O CH4 CO2
eCaT -0.2 -1.3 +101.5 +2.8* -2.0 +99.2 -7.8 +8.1 -100.2
aCeT -0.3 -1.4* +101.7* +1.3* -1.7* +100.3* +0.9 +1.5* +97.6*
eCeT +0.1 -1.3* +101.1* +0.3 +0.4 +99.3* +8.6 +0.6 +90.8*
aCeT = elevated temperatureeCaT = elevated CO2 eCeT = elevated CO2 x elevated temperature 
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3.3.3 Effect of elevated CO2, elevated temperature and soil site on soil abiotic 
characteristics and plant growth 
Soil abiotic properties were different across all soils studied. R soil had greater total 
C, total N, and porosity compared to the rest; C soil showed greater available NH4
+
, 
pH and WFPS but lowest available NO3
-
, PO4
3-
 and C:N ratio, and D soil presented 
lowest available NH4
+
, pH, total N and soil moisture but greater soil temperature and 
C:N ratio (Table 3.3; Appendix B, Table B.6). From all the three soil sites studied, C 
soil showed the lowest plant height and biomass at the end of the incubation period 
(Table 3.3). 
Within each soil site, climate treatments also affected soil abiotic properties (Table 
3.4). Available NH4
+
 in D soil increased by 77% in eCaT (P=0.089) compared to 
aCaT. However, the positive effect of elevated CO2 was negated when combined 
with elevated temperature. In R and C soils, no significant treatment interactions 
were detected, with elevated temperature significantly decreasing NH4
+
 availability 
in the soil by 41% (P=0.005) and 40% (P<0.001), respectively. Similarly, available 
NO3
-
 also decreased under elevated temperature by 29% (P=0.039) in C soil. In D 
soil, the available NO3
-
 under elevated CO2 was 19% lower (P=0.065) compared to 
ambient control. Available PO4
3-
 decreased in R soil by 37% in aCeT (P=0.003) in 
comparison to aCaT, whereas in D soil, was only affected by elevated CO2 treatment, 
with a 69% increase in comparison to ambient CO2 (P<0.001). In C soil, there was a 
synergistic effect of eCeT on available PO4
3-
 where levels were 32%, 48% and 125% 
greater in comparison to aCaT, eCaT and aCeT, respectively, with the remaining 
treatments not significantly different from each other (P=0.005). Soil pH was 
significantly lower in C soil under elevated CO2 (P=0.008) and in D soil under 
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elevated temperature (P=0.025), whereas in C soil, eCaT alone significantly 
increased pHin comparison toaCaT (P=0.016). Soil moisture was increased by 9-
12% under elevated CO2 across all soils. Soil temperature was significantly higher 
under elevated temperature across all soils (P<0.001) corresponding to 
approximately +2C (Table 3.4). Soil abiotic properties were significantly different 
through time (Appendix B, Table B.7; Table B.8).  
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Table 3.3 Soil physicochemical characteristics and plant growth for each soil site from all 
monoliths. Values are means ± sem (n=72) of all measurements taken in T3, T6 and T9 from 
all climate treatments, when not stated otherwise. Statistically significant differences 
between soil sites are represented by lower-case letters (a, b, c) according to multiple 
pairwise comparisons (P<0.1). 
 
Rosemary Camerons Driftway 
NH4
+
 
(mg kg
-1
 dry soil) 
1.68 ± 0.18 b 2.52 ± 0.23 a 1.11 ± 0.11 c 
NO3
-
 
(mg kg
-1
 dry soil) 
1.51 ± 0.12 a 0.71 ± 0.06 b 1.57 ± 0.10 a 
PO4
3-
 
(mg kg
-1
 dry soil) 
1.32 ± 0.08 a 0.65 ± 0.05 b 1.26 ± 0.08 a 
pH  
(H2O) 
6.14 ± 0.02 b 6.41 ± 0.02 a 5.46 ± 0.02 c 
Total C 

 
(g kg
-1
) 
9.11 ± 0.33 a 7.28 ± 0.16 b 7.83 ± 0.33 b 
Total N 

 
(g kg
-1
) 
0.81 ± 0.02 a 0.70 ± 0.01 b 0.64 ± 0.02 c 
C:N ratio 

 
(%) 
11.26 ± 0.17 b 10.37 ± 0.07 c 12.33 ± 0.20 a 
Gravimetric 
moisture (%) 
16.41 ± 0.26 a 17.03 ± 0.23 a 13.72 ± 0.23 b 
WFPS  
(%) 
37.42 ± 0.70 b 42.77 ± 0.88 a 37.53 ± 0.78 b 
Soil temperature 
(C) 
27.82 ± 0.36 b 27.87 ± 0.34 b 28.21 ± 0.36 a 
Bulk density 

 
(g cm
3
) 
1.22 ± 0.01 b 1.29 ± 0.02 ab 1.34 ± 0.02 a 
Porosity 

 
(%) 
53.82 ± 0.54 a 51.51 ± 0.67 ab 49.32 ± 0.85 b 
Plant height 

 
(mm) 
602 ± 38 477 ± 28 628 ± 30 
Plant biomass 

 
(g) 
27 ± 3 16 ± 1 33 ± 3 
 
Properties obtained at final harvest (T9) only (n=24). 
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Table 3.4 Climate treatment effects on soil abiotic properties. Values represent mean ± sem 
(n=18) of all time points for each soil site. Statistically significant differences of elevated 
CO2 or CO2 x temperature interaction effect are represented by lower-case letters (a, b, c, d) 
and elevated temperature effect is represented by upper-case letters (A, B), according to 
multiple pairwise comparisons (P<0.1). aCaT= ambient treatment; eCaT = elevated CO2, 
aCeT = elevated temperature and eCeT = elevated CO2 x elevated temperature. 
Soil abiotic 
properties 
Climate 
treatment 
Rosemary Camerons Driftway 
NH4
+
 
(mg kg
-1
 dry 
soil) 
aCaT 1.84 ± 0.38 b (A) 3.10 ± 0.48 A 0.90 ± 0.18 b 
eCaT 2.38 ± 0.37 a (A) 3.18 ± 0.41 A 1.59 ± 0.27 a 
aCeT 0.91 ± 0.21 b (B) 1.81 ± 0.24 B 1.01 ± 0.16 ab 
eCeT 1.59 ± 0.42 a (B) 1.98 ± 0.55 B 0.93 ± 0.25 b 
NO3
-
  
(mg kg
-1
 dry 
soil) 
aCaT 1.63 ± 0.35 0.83 ± 0.14 A 1.78 ± 0.18 a 
eCaT 1.50 ± 0.19 0.83 ± 0.12 A 1.47 ± 0.17 b 
aCeT 1.47 ± 0.21 0.70 ± 0.11 B 1.70 ± 0.23 a 
eCeT 1.44 ± 0.21 0.48 ± 0.10 B 1.34 ± 0.19 b 
PO4
3-
  
(mg kg
-1
 dry 
soil) 
aCaT 1.61 ± 0.24 a 0.68 ± 0.13 b 1.04 ± 0.16 b 
eCaT 1.17 ± 0.07 ab 0.61 ± 0.10 b 1.74 ± 0.19 a 
aCeT 1.01 ± 0.13 b 0.40 ± 0.05 b 0.85 ± 0.11 b 
eCeT 1.50 ± 0.15 a 0.90 ± 0.11 a 1.45 ± 0.13 a 
pH (H2O) 
aCaT 6.08 ± 0.04 b 6.46 ± 0.04 a 5.52 ± 0.04 A 
eCaT 6.26 ± 0.03 a 6.38 ± 0.05 b 5.51 ± 0.03 A 
aCeT 6.14 ± 0.04 ab 6.45 ± 0.04 a 5.39 ± 0.03 B 
eCeT 6.09 ± 0.05 b 6.34 ± 0.03 b 5.42 ± 0.04 B 
Gravimetric 
moisture (%) 
aCaT 16.36 ± 0.41 b (A) 16.52 ± 0.33 bc 13.46 ± 0.47 b 
eCaT 18.34 ± 0.43 a (A) 17.42 ± 0.39 ab 14.75 ± 0.49 a 
aCeT 14.68 ± 0.53 b (B) 15.86 ± 0.39 c 12.78 ± 0.46 b 
eCeT 16.26 ± 0.37 a (B) 18.30 ± 0.54 a 13.91 ± 0.34 a 
WFPS (%) 
aCaT 37.22 ± 1.20 40.08 ± 0.89 37.10 ± 1.25 A 
eCaT 40.81 ± 1.56 42.62 ± 1.25 41.66 ± 1.71 A 
aCeT 34.74 ± 1.60 41.28 ± 1.29 36.07 ± 1.50 B 
eCeT 36.93 ± 0.85 47.11 ± 2.70 35.29 ± 1.38 B 
Soil 
temperature  
(C) 
aCaT 27.62 ± 0.70 c 27.28 ± 0.65 b 27.62 ± 0.70 c 
eCaT 26.97 ± 0.70 d 26.73 ± 0.70 b 26.97 ± 0.69 d 
aCeT 28.69 ± 0.63 b 28.59 ± 0.59 a 28.69 ± 0.63 b 
eCeT 29.55 ± 0.77 a 28.88 ± 0.75 a 29.55 ± 0.77 a 
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3.3.4 Effect of elevated CO2, elevated temperature and soil site on soil microbial 
communities 
Soil site exerted a significant effect on both AOA amoA (P<0.001), pmoA (P<0.001) 
and 16S rRNA (P<0.001) gene abundances (Appendix B, Table B.8). Specifically, 
AOA amoA gene in D soils was over 80% more abundant in comparison to both R 
and C soils (Figure 3.5A). Similarly, pmoA gene was 45% more abundant in D soil in 
comparison to R soil (Figure 3.5D). In contrast, 16S rRNA gene was 23% and 30% 
less abundant in R and C soils, respectively, in comparison to D soil (Figure 3.5E). A 
non-significant trend was observed for nosZ gene abundance with higher abundance 
observed in C soil in comparison to the remaining.   
Within each soil site, a decrease in gene abundances was observed under elevated 
temperature; mostly in C soil (Appendix B, Table B.10). Elevated temperature 
treatments significantly reduced AOA amoA gene abundance in R soil (P=0.086; 
Figure 3.6A) by 53% in aCeT and 39% in eCeT compared to ambient control. In C 
soil, AOB amoA gene abundance was 27% (aCeT) and 40% (eCeT) less (P=0.015; 
Figure 3.6B) and nosZ gene abundance was 33% (aCeT) and 50% (eCeT) less 
(P=0.004; Figure 3.5C). Similarly, in C soil, 16S rRNA was 29% less in aCeT and 
42% less in eCeT (P=0.026; Figure 3.6E) under elevated temperature treatments. 
Carbon dioxide treatments also significantly reduced microbial gene abundances in C 
soil (Appendix B, Table B.10). Ammonia-oxidizing archaea amoA gene was reduced 
by 39% in eCaT and 26% in eCeT (P=0.049; Figure 3.6A) in comparison to ambient 
control, whereas AOB amoA gene was reduced by 23% in eCaT (P=0.034; Figure 
3.6B). pmoA gene abundance was 36% less in eCaT and 49% less in eCeT (P=0.006; 
Figure 3.6D). D soil showed no significant climate treatment effects for any of the 
functional microbial groups (Appendix B, Table B.10). Time was a significant factor 
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affecting all gene abundances except AOB amoA, consistent for all soils (except C 
soil for AOA amoA)(Appendix B, Table B.10; Table B.11). Specifically, in D soil, 
both AOA amoA and 16S rRNA gene abundances progressively decreased through 
time, with lowest abundance detected at the end of incubation (T9) (Table B.11C).  
 
 
Figure 3.5 Effect of soil site on (A) AOA amoA, (B) AOB amoA, (C) nosZ, (D) pmoA and 
(E) 16S rRNA gene abundance expressed as gene copies per gram of dry soil. Values 
represent mean ± sem (n=72) of all time points under all climate treatments. Statistically 
significant differences are represented by different letters (a, b), according to multiple 
pairwise comparisons (P<0.1). Light grey represents Rosemary soil, dark grey represents 
Camerons soil and black represents Driftway soil. 
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Figure 3.6 Climate treatment effects on (A) AOA amoA, (B) AOB amoA, (C) nosZ, (D) 
pmoA and (E) 16S rRNA gene abundances expressed as gene copies per gram of dry soil. 
Values represent mean ± sem (n=18) of all time points for each soil site. Statistically 
significant differences of elevated CO2 or CO2 x temperature interaction effect are 
represented by lower-case letters (a, b) and elevated temperature effect is represented by 
upper-case letters (A, B), according to multiple pairwise comparisons (P<0.1). Black 
symbols represent ambient treatment (aCaT), blue symbols indicate elevated CO2 (eCaT), 
red symbols indicate elevated temperature (aCeT) and white symbols represent elevated CO2 
x elevated temperature (eCeT). R = Rosemary soil, C = Camerons soil and D = Driftway 
soil. 
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3.3.5 Relationship between microbial and abiotic factors and N2O, CH4 and CO2 
emissions 
According to the multi-model inference approach, 65535 possible models were 
obtained for N2O and 16383 for CH4 and CO2, with all possible combinations of 
independent predictor variables. From the best fitting models that minimized AICc, 
the best and most parsimonious one describing N2O emissions contained three 
predictor variables but did not include treatment predictors. The best model 
explained 10.5% of the variance found in N2O emissions and included AOA and 
nosZ gene abundances and pH (Model#1; Table 3.5A). When evaluating the 
relationship between N2O-related genes and N2O fluxes individually for each soil, 
only C soil showed a significant negative relationship with nosZ gene abundance 
(P=0.068; Table 3.6). Once considering all soils, the negative relationship of N2O 
fluxes with nosZ gene abundance became more significant (P=0.024). Furthermore, 
N2O fluxes were negatively correlated with pH (P=0.042) and soil moisture 
(P=0.048), similar to AOA amoA gene abundance (P<0.001 and P=0.003, 
respectively), whereas nosZ was positively correlated with pH (P=0.049) and soil 
moisture (P=0.032) (Table 3.6). Soil temperature was also found to be positively 
correlated to AOA amoA (P<0.001), particularly in D soil (P<0.001), whereas AOB 
amoA was negatively correlated to soil temperature (P=0.081), particularly in C soil 
(P=0.043) (Table 3.5). When assessing the relative importance of all predictor 
variables, AOA amoA and nosZ gene abundances were the most important factors 
explaining N2O emissions (Figure 3.7A). And both were significant predictors in 
estimating N2O fluxes (Table 3.7). 
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Table 3.5 Best-fitting regression models of (A) N2O, (B) CH4 and (C) CO2 fluxes. Each column represents treatments (C, T, S, CxT, CxS, TxS and CxTxS; in 
grey), abiotic (WFPS, soil temperature, inorganic N, PO4
3-
, pH, C:N ratio) and biotic (microbial gene abundances; in red) predictor variables. The best 8 
models are presented, ranked according to AICc value. The last models show when microbial predictors are removed from the best model obtained. Unshaded 
cells indicate variables that were not included in a particular model. From the best 8 models selected, the model #1 for each gas respectively, corresponds to 
the best and most parsimonious. ∆AICc = difference between the AICc of each model and that of the best model; AICc wi = Akaike weights; C=CO2; 
T=Temperature; S=Soil; CxT= CO2xTemperature; CxS=CO2xSoil; TxS=TemperaturexSoil; CxTxS= CO2xTemperaturexSoil; WFPS = water-filled pore 
space; AOA = ammonia-oxidizing archaea, AOB = ammonia-oxidizing bacteria. 
 
Table 3.5A 
Model 
# 
C T S CxT CxS TxS CxTxS WFPS 
Soil 
temperature 
Inorganic 
N 
PO4
3- pH 
C:N 
ratio 
AOA 
amoA 
AOB 
amoA 
nosZ R² AICc ∆ AICc AICc wi 
#1                 0.105 960.659 0.000 0.003 
#2                 0.105 960.765 0.105 0.003 
#3                 0.112 961.079 0.420 0.003 
#4                 0.103 961.083 0.424 0.003 
#5                 0.111 961.290 0.630 0.002 
#6                 0.110 961.443 0.783 0.002 
#7                 0.110 961.590 0.931 0.002 
#8                 0.119 961.615 0.955 0.002 
#9                 0.033 973.249 12.590 <0.001 
#10                 0.021 975.842 15.183 <0.001 
#11                 0.018 976.585 15.925 <0.001 
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Table 3.5B 
Model 
# 
C T S CxT CxS TxS CxTxS WFPS 
Soil 
temperature 
Inorganic 
N 
PO4
3- pH 
C:N 
ratio 
pmoA R² AICc ∆ AICc AICc wi 
#1               0.075 2278.050 1.000 0.010 
#2               0.081 2278.779 0.695 0.007 
#3               0.077 2279.617 0.457 0.005 
#4               0.076 2279.845 0.408 0.004 
#5               0.076 2279.899 0.397 0.004 
#6               0.076 2279.931 0.391 0.004 
#7               0.076 2279.965 0.384 0.004 
#8               0.067 2279.968 0.383 0.004 
#9               <0.001 2290.474 12.423 <0.001 
Table 3.5C 
Model 
# 
C T S CxT CxS TxS CxTxS WFPS 
Soil 
temperature 
Inorganic 
N 
PO4
3- pH 
C:N 
ratio 
16S rRNA R² AICc ∆ AICc AICc wi 
#1               0.454 -212.868 0.000 0.081 
#2               0.452 -212.108 0.760 0.055 
#3               0.456 -211.303 1.565 0.037 
#4               0.455 -210.911 1.957 0.030 
#5               0.455 -210.874 1.994 0.030 
#6               0.454 -210.722 2.146 0.028 
#7               0.454 -210.710 2.158 0.027 
#8               0.454 -210.627 2.241 0.026 
#9               0.009 -101.225 111.643 <0.001 
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Table 3.6 Spearman correlation coefficients between N2O fluxes, gene abundances (AOA and AOB amoA and nosZ) and abiotic properties for each soil site 
and all soils together. Total C, total N and C;N ratio correspond to measurements only taken in T9. + (P<0.1); * (P < 0.05); ** (P < 0.01); *** (P < 0.001). 
 
Rosemary Camerons Driftway All soils 
Variables N2O 
AOA 
amoA 
AOB 
amoA 
nosZ N2O 
AOA 
amoA 
AOB 
amoA 
nosZ N2O 
AOA 
amoA 
AOB 
amoA 
nosZ N2O 
AOA 
amoA 
AOB 
amoA 
nosZ 
AOA amoA -0.13 - - - -0.09 - - - 0.19 - - - 0.05 - - - 
AOB amoA -0.10 - - - -0.10 - - - -0.04 - - - -0.09 - - - 
nosZ -0.16 - - - -0.22+ - - - -0.08 - - - -0.15* - - - 
NH4
+ 0.15 0.10 0.00 0.18 0.02 -0.05 -0.09 0.00 -0.17 -0.16 0.00 0.31** -0.04 -0.10 -0.01 0.17* 
NO3
- 0.09 0.11 -0.08 0.39** -0.05 0.06 -0.06 0.12 0.10 0.40** 0.03 0.34** 0.08 0.25*** -0.07 0.22** 
PO4
3- 0.03 0.01 0.06 0.09 -0.01 0.02 -0.15 -0.23+ 0.13 0.27* -0.08 -0.04 0.07 0.15* -0.07 -0.09 
pH 0.14 0.13 -0.05 0.12 -0.07 -0.01 -0.11 0.15 -0.20+ -0.16 -0.06 0.15 -0.14* -0.24*** 0.05 0.13* 
Total C -0.04 0.07 0.26* 0.25* 0.10 -0.11 0.11 0.05 0.01 -0.15 0.01 0.05 -0.04 -0.12+ 0.07 0.07 
Total N 0.01 -0.04 0.28* 0.26* 0.15 -0.09 0.07 0.02 0.02 -0.14 -0.01 0.06 -0.07 -0.26*** 0.09 0.09 
C:N ratio -0.09 0.07 0.04 0.07 0.01 -0.09 0.06 0.02 -0.03 -0.10 0.14 0.10 0.05 0.20** -0.01 -0.02 
Gravimetric moisture -0.03 0.07 0.02 0.09 -0.19 -0.05 -0.09 0.10 0.08 -0.12 0.04 0.33** -0.14* -0.20** 0.03 0.15* 
WFPS -0.10 0.08 0.15 0.13 -0.08 -0.01 -0.05 -0.02 0.14 -0.08 -0.16 0.07 -0.02 -0.04 0.00 0.09 
Soil temperature -0.02 -0.01 -0.14 0.16 -0.07 0.01 -0.24* -0.06 0.13 0.64*** 0.03 0.19 0.02 0.23** -0.12+ 0.09 
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Figure 3.7 Relative importance of treatment (1-7; in grey) and environmental drivers such as 
abiotic properties (8-13) and microbial gene abundances (14a-14e; in red) as predictor 
variables in models of (A) N2O, (B) CH4 and (C) CO2 emissions. The height of each column 
is the sum of Akaike weights (wi) of all models that included the predictor of interest, taking 
into account the number of models in which each predictor appears. Positive (+) and 
negative (-) signals on top of each column corresponds to the direction of estimates for each 
predictor variable. Variable abbreviations are as in Table 3.3. 
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Table 3.7 P-values obtained from multiple linear regressions constructed with predictors 
from the best model obtained from multi-model approach, corresponding to treatment, soil 
abiotic properties and/or gene abundances for N2O, CH4 and CO2 emissions. P-values in bold 
are significant (P<0.05). 
Predictor variables N2O CH4 CO2 
CO2 - - 0.643 
Temperature - - <0.001 
Soil site - 0.013 <0.001 
CO2 x Temperature - - 0.020 
Soil x CO2 - - 0.480 
Soil x Temperature - - 0.120 
CO2 x Temperature x Soil - - 0.183 
WFPS - - - 
Soil temperature - 0.001 <0.001 
Inorganic N - - <0.001 
PO4
3-
 - - <0.001 
pH 0.078 - - 
C:N ratio - 0.045 <0.001 
AOA amoA 0.006 - - 
AOB amoA - - - 
nosZ <0.001 - - 
pmoA - - - 
16S rRNA - - 0.033 
Model P-value 
Adj R
2 
AICc 
<0.001 
0.093 
960.443 
<0.001 
0.061 
2278.131 
<0.001 
0.423 
-206.457 
 
The best and most parsimonious models describing CH4 fluxes contained three 
variables (Model #1; Table 3.5B), namely Soil, soil temperature and C:N ratio, 
explaining 7.5% of the variance found in CH4 fluxes. Furthermore, no relationship 
was observed between pmoA gene abundance and CH4 fluxes for any of the soils 
(Table 3.8). Nonetheless, soil temperature was negatively related to both CH4 fluxes 
(thus positively related to CH4 uptake; P=0.009) and pmoA gene abundance 
(P=0.093)(, particularly in C soil (P=0.005 and P=0.006, respectively; Table 3.8). 
Also in C soil, pmoA gene abundance was positively related to WFPS in R and D soil 
(P=0.017 and P=0.097, respectively; Table 3.8). Among all tested predictors, soil 
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temperature was the most important for estimating CH4 fluxes (Figure 3.7B) but all 
variables in the best model were significant predictors in estimating CH4 fluxes 
(Table 3.7).  
In the case of CO2 emissions, the best and most parsimonious model contained nine 
predictor variables (model #1; Table 3.5C). That is CO2, Temperature, Soil, 
CO2xTemperaturexSoil, soil temperature, inorganic N, available PO4
3-
, C:N ratio and 
bacterial (16S rRNA) abundance, explaining 45.4% of the variance found in CO2 
emissions. A significant positive relationship between 16S rRNA gene abundance 
and CO2 fluxes was found in D soil (P=0.032; Table 3.9). Furthermore, soil 
temperature was strongly correlated with both CO2 emissions and 16S rRNA gene 
abundance in all soils (P<0.001; Table 3.9). From all predictors, the variables 
included in the best model were the most important  (Figure 3.7C) and these were all 
significant predictors estimating CO2 emissions, except for CO2xTemperaturexSoil 
(Table 3.7). 
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Table 3.8 Spearman correlation coefficients between CH4 fluxes, pmoA gene abundance and 
abiotic properties for each soil site and all soils together. Total C, total N and C:N ratio 
correspond to measurements only taken in T9. + (P<0.1); * (P < 0.05); ** (P < 0.01); *** (P 
< 0.001). 
 
Rosemary Camerons Driftway All soils 
Variables CH4 pmoA CH4 pmoA CH4 pmoA CH4 pmoA 
pmoA -0.08 - 0.06 - 0.00 - 0.03 - 
NH4
+ 0.10 -0.13 -0.11 -0.20 0.10 0.25* 0.05 -0.06 
NO3
- -0.01 0.16 -0.15 -0.07 -0.26* 0.22+ -0.16* 0.12+ 
PO4
3- -0.09 -0.14 0.07 -0.45*** -0.01 -0.18 -0.05 -0.22** 
pH (H2O) 0.02 0.13 -0.25* -0.09 -0.03 -0.03 -0.01 -0.12+ 
Total C 0.02 0.05 -0.03 -0.05 0.09 -0.11 -0.05 -0.11 
Total N 0.02 0.11 -0.08 -0.08 0.09 -0.13 -0.07 -0.16* 
C:N ratio -0.07 -0.11 0.10 -0.03 -0.02 -0.01 -0.05 0.06 
Gravimetric moisture -0.02 0.05 0.17 0.15 -0.06 0.23+ 0.04 -0.02 
WFPS 0.01 0.28* 0.02 0.10 0.00 0.20+ 0.04 0.17* 
Soil temperature -0.16 -0.08 -0.24* -0.32** -0.18 0.02 -0.18** -0.12+ 
 
Table 3.9 Spearman correlation coefficients between CO2 fluxes, 16S rRNA gene abundance 
and abiotic properties for each soil site and all soils together. Total C, total N and C:N ratio 
correspond to measurements only taken in T9. + (P<0.1); * (P < 0.05); ** (P < 0.01); *** (P 
< 0.001). 
 
Rosemary Camerons Driftway All soils 
Variables CO2 16S rRNA CO2 16S rRNA CO2 16S rRNA CO2 16S rRNA 
16S RNA 0.19 - -0.19 - 0.26* - 0.11 - 
NH4
+ 0.01 0.21+ 0.13 0.37** 0.24* -0.18 0.17*** 0.19** 
NO3
- 0.41*** 0.04 0.21+ 0.26* 0.45*** 0.42*** 0.25*** 0.15* 
PO4
3- 0.05 0.53*** -0.01 0.38** 0.05 0.42*** -0.01 0.34*** 
pH (H2O) 0.16 0.03 0.21+ 0.32** 0.02 0.03 0.22** 0.23** 
Total C -0.01 0.07 0.07 0.19 0.40** 0.08 0.24*** 0.09 
Total N 0.06 0.06 0.04 0.17 0.43*** 0.07 0.28*** 0.17+ 
C:N ratio -0.06 0.02 0.17 0.07 0.27** 0.07 -0.04 -0.12+ 
Gravimetric moisture -0.21+ -0.13 0.03 -0.23+ 0.17 -0.14 0.12+ 0.00 
WFPS -0.17 -0.13 0.01 -0.20+ -0.20 -0.25* -0.12+ -0.12+ 
Soil temperature 0.51*** 0.66*** 0.33** 0.32** 0.42*** 0.62*** 0.38*** 0.51*** 
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3.4 Discussion 
3.4.1 Feedback responses of N2O, CH4 and CO2 emissions and net GWP under 
climate change from different soil sites 
Climate change impacts on soil GHG emissions usually show variable results across 
different studies, often due to multiple climate treatments, soil properties but also 
because of the underlying mechanisms resulting from multiple processes. However, 
there is a general trend that suggests the magnitude of the responses tend to decline 
with higher number of interactions, longer time periods and larger spatial scales 
(Leuzinger et al., 2011). Despite the short-term nature of the study, it was clear that 
the positive GHG feedback responses of treatment-induced net GWP were less than 
additive when interactive treatments were considered. This may reflect a somewhat 
compensatory nature of multiple drivers studied, since when elevated temperature 
was combined with elevated CO2 the soil net GWP was less than when under the 
individual effect of temperature. In a meta-analysis study, Dieleman et al. (2012) 
reveals that in interactive treatments, elevated CO2 usually dominates both 
aboveground and belowground responses. The present study however, provides 
indication that in dryland soils, elevated temperature effects on microbial-driven 
(GHG) emissions tend to dominate over elevated CO2.  
The stronger effects of elevated temperature over elevated CO2 observed in both CO2 
and CH4 fluxes can be explained by the fact that temperature has more direct effects 
on soil microbial communities by affecting metabolic rates whereas increased CO2 
levels are often indirect, due to cascading effects arising from aboveground plant 
metabolism, growth and diversity changes, which in turn will impact belowground 
soil physicochemical properties (Singh et al., 2010). The fact that it was an 
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experiment reflecting early tree development, may have contributed to delayed 
responses to elevated CO2 and thus not directly comparable to mature woodlands. 
Temperature, however, may also have indirect effects on GHG fluxes by directly 
affecting nutrient availability in the soil. A meta-analysis study by Bai et al. (2013) 
shows that inorganic N pools in the soil, are expected to increase under elevated 
temperature, however, most studies used in the meta-analysis did not reflect dryland 
soils. The present study shows evidence of a decrease of inorganic N under elevated 
temperature in two of the soil sites studied, supporting a study by (Delgado-
Baquerizo et al., 2013), which showed that N and C availability are expected to 
decrease in dryland soils, due to a reduction of water availability necessary for 
biological activity.  
Soils respiration (CO2 emissions) and CH4 fluxes responded only to elevated 
temperature in all soils studied. Particularly, the observed increase of CO2 emissions 
has been previously reported and associated with increasing soil temperatures in 
several manipulative experiments (Lin et al., 1999, Adair et al., 2011) and related 
globally to increasing air temperature (Bond-Lamberty and Thomson, 2010). 
However, inconsistent effects of elevated temperature on CH4 fluxes have been 
reported (Blankinship et al., 2010). Nonetheless, a soil transfer study to higher 
natural temperatures has shown an increase in both CO2 emissions and CH4 uptake 
(Hart, 2006). The CH4 fluxes measured in the present study were variable, changing 
from sink to net emissions across climate treatments. However, in two of the soils 
studied, elevated temperature treatments showed a consistent increase in CH4 uptake, 
which is common in upland soils (van Groenigen et al., 2011). Globally, upland soils 
are in larger proportion compared to soils responsible for CH4 emissions (wetlands, 
rice paddies), therefore increasing temperatures may play an important role in 
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offsetting other GHGs with high GWP (Dijkstra et al., 2012). In the case of N2O 
emissions, feedback responses to climate change were site specific. This may be due 
to fluxes from forest ecosystems expected to be low, but nonetheless with similar 
sensitivity to elevated temperature as to elevated CO2 (Dijkstra et al., 2012). The 
observed response to both individual elevated CO2 and temperature may be due to  
multiple microbial processes responsible for N2O production, capable of occurring 
under either both aerobic or anaerobic conditions (Baggs, 2011, Bateman and Baggs, 
2005). 
 
3.4.2 Soil biotic and abiotic drivers of N2O emissions under climate change 
across different soil sites 
Climate treatment effects on N2O emissions were site-specific, particularly when 
applied to trace gases naturally low in (semi-) natural ecosystems. Natural forest soils 
are known to have negligible contributions to N2O emissions in comparison to 
agricultural soils due to frequent use of inorganic fertilisers (Dalal and Allen, 2008). 
But also because upland soils are characterized by higher aerobic conditions, rarely 
reaching moisture levels that lie beyond the optimum for N2O emissions (Butterbach-
Bahl et al., 2013). However, low N2O emissions can also reflect substrate limitations 
of microbial N cycling processes, dampening the stimulating effect of elevated 
temperature and CO2 (Butterbach-Bahl and Dannenmann, 2011). Interestingly, multi-
model inference approach and correlative evidence collectively suggests AOA amoA 
and nosZ gene abundances followed by pH and water availability are strong drivers 
of N2O fluxes in the dryland soils tested. Nitrification pathways are also expected to 
dominate under aerobic conditions provided it is not limited by other factors such as 
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NH4
+
 supply (Dalal et al., 2003). Which may explain the higher N2O emissions in D 
soil (particularly at T3), characterized by lowest moisture levels and higher sand 
content. Such soil site characteristics are capable of regulating oxygen availability 
and thus favouring AOA nitrification rates, with Hu et al. (2016) showing that AOA 
are more responsive to elevated temperature than AOB in the dryland soils studied.  
Nitrous oxide-reducing bacteria may be particularly important in regulating N2O 
emissions in C soil, where climate change effects were observed. This may be due to 
indirect effects of multiple soil characteristics favouring denitrifying pathways. 
Firstly, soil texture, largely determining the water-holding capacity of the soil, 
presented higher silt content. Secondly, the soil had higher P limitation in 
comparison to the remaining soils, constraining plant growth and thus leading to 
more water available in the soil due to reduced plant uptake. Altogether, it 
contributed to highest WFPS, which may have favoured higher nosZ gene abundance 
in the soil and possibly higher activity in anoxic micropores. This is supported by Hu 
et al. (2016) which showed that net nitrification rates were not significantly different 
between climate treatments in C soil. This may be an indication that denitrifying 
pathways were favoured over nitrification and thus, responsible for N2O emissions.  
The impact of elevated temperature and CO2, by reducing nosZ gene abundances, 
may have restricted the only process known thus far of consuming N2O gas in the 
soil, carried out by N2O-reducing bacteria (Jones et al., 2014). This is because N2O 
reductase is thought to have higher sensitivity to low pH (Dannenmann et al., 2008, 
Barton et al., 2013), as observed under elevated CO2 and, to higher oxygen levels 
(Morley et al., 2008, Richardson et al., 2009), as under reduced moisture due to 
higher temperatures. Nonetheless, this study suggests that N2O-reducing bacteria can 
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become important regulators affecting the magnitude of N2O emissions from soils 
under increasing temperatures and CO2 concentrations.  
 
 3.4.3 Soil biotic and abiotic drivers of CH4 emissions under climate change 
across different soil sites 
The results obtained suggest a more dominant role of elevated temperature over 
elevated CO2 in impacting CH4 fluxes from dryland soils. However the direction of 
CH4 feedback responses to individual treatments was site-specific. Given the high 
dependence of biological processes involved in CH4 emissions on redox potential, 
soil properties influencing rates of oxygen diffusion and oxygen consumption are the 
primary drivers of CH4 emission rates (Conrad, 2005). R and C soils had higher 
content of smaller size particles, which may have contributed to higher water 
retention to soil particles (reflected in higher moisture contents in comparison to D 
soil), thus, not limiting methanotrophic activity and leading to a consequent increase 
of CH4 oxidation due to higher gas diffusion under elevated temperature. In contrast, 
although D soil had higher methanotrophic abundance, possibly due to no history of 
land-use change or management (Tate, 2015), methanotrophic activity seemed to 
have been largely reduced under increasing temperatures, possibly due to reduction 
of water availability below thresholds necessary for biological activity (Baldock et 
al., 2012). Interestingly, although elevated CO2 did not significantly influence CH4 
emissions, a non-significant trend showing an increase of CH4 uptake in R and C 
soils and a decrease in D soil under elevated CO2 was observed. This further supports 
the notion that methanotrophic activity was limited by water availability in D soil but 
less so in R and C soils since it is believed elevated CO2 indirectly influences 
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belowground processes through influences on soil moisture resulting from increased 
water use efficiency by plants (Ryan and Law, 2005). Phosphorus limitation may 
also play a direct role by inhibiting methanotrophic activity and indirectly by 
affecting plant growth and hence, water availability, which in turn impacts CH4 
oxidation rates (Zhang et al., 2011), as observed in higher net CH4 emission rates in 
ambient controls in C soil. This is supported by Delgado-Baquerizo et al. (2013), 
which shows that increasing aridity has a direct negative effect on phosphatase 
activity, but a positive effect on total P, suggesting a depletion of available P 
originating from biological activity and thus affecting aboveground vegetation and 
belowground processes. Collectively, interactive climate effects seemed to offset 
temperature effects and thus not affect overall CH4 fluxes at any site.  
Although the multi-model inference approach illustrated the importance of soil sites, 
soil temperature and C:N ratio, it explained a small percentage of the variance found 
in CH4 fluxes, which may be due to the exclusion of methanotrophic abundance and 
water availability as important predictors of CH4 emissions. In contrast to CO2 and 
N2O emissions, soil CH4 efflux derives from two leading processes, production by 
methanogens and consumption by methanotrophs, and these can change rapidly 
following apparently small changes in soil microsites. Together with the fact that 
methanogenic abundance was not measured in this study, these two explanations 
may illustrate the apparent small variance observed.   
 
114 
 
3.4.4 Soil biotic and abiotic drivers of CO2 emissions under climate change 
across different soil sites 
Climate change studies often include soil respiration as an important ecosystem 
response as it can directly contribute to increasing GHG emissions (Shao et al., 2013) 
and to C sequestration (Friedlingstein et al., 2006, Friedlingstein et al., 2014). In fact, 
in the present study, CO2 emissions increased as much as 50% under elevated 
temperature treatments compared to ambient conditions and these, were not site-
specific, suggesting CO2 flux positive feedback responses under warming overcome 
the dependency of soil characteristics previously observed for both N2O and CH4 
fluxes. This is probably due to the complexity of the C cycle, where all soil 
organisms (microorganisms, and to a lesser extend microfauna) are important 
contributors to soil CO2 efflux (Hanson et al., 2000), in contrast to specific functional 
microbial groups, in the case of N2O and CH4. Nonetheless, increasing CO2 rates 
under elevated temperature were not followed by higher bacterial abundance which 
suggests higher metabolic activity rates under elevated temperature, reflecting an 
absent or even a decline in microbial growth efficiency due to an increase in the 
energy cost of maintaining the elevated metabolic activity at higher temperatures 
(Hagerty et al., 2014). With climate change expected to increase the degree of aridity 
in drylands and the consequent loss of soil microbial diversity and abundance 
(Maestre et al., 2015), this may have significant implications for C and nutrient 
cycling in dryland ecosystems. Furthermore, multi-model inference approach not 
only shows the importance of soil nutrients (N, P, C:N ratio) in estimating soil 
respiration, but also provides evidence that several variables affecting CO2 
emissions, possibly simultaneously affected by climate treatments, may have not 
been fully accounted by the parameters measured in this study.  
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3.5 Conclusions 
In this study I demonstrate that soil characteristics are a strong determinant of GHG 
feedback emissions in a short-term climate change experiment. Soil CO2 and CH4 
emissions strongly responded to elevated temperature with fewer responses from 
N2O emissions. Ultimately, soil CO2 emissions were responsible for a positive 
feedback of the net GWP to all climate change treatments, with interactive treatment 
effects showing a less than additive trend. Methane oxidation rates under elevated 
temperature were strongly dependent on soil site characteristics, whereas N2O 
emissions were site-specific. These findings improve the understanding of 
controlling mechanisms of N2O, CH4 and CO2 emissions in dryland soils with low 
water and nutrient availability, under future climate conditions.  
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CHAPTER 4 FEEDBACK RESPONSES OF SOIL 
GREENHOUSE GAS EMISSIONS UNDER WARMING 
AND REDUCED PRECIPITATION IN A BOREAL-
TEMPERATE ECOTONE FOREST ARE CONTROLLED 
BY SOIL MICROBIAL ABUNDANCE AND SOIL SITE 
CHARACTERISTICS 
4.1 Introduction 
By the late 21
st
 century, global mean annual temperatures are predicted to increase 
between 1.2 to 4.8°C, with more uncertainty associated to precipitation patterns 
(IPCC, 2013). Changes in the intensity and frequency of precipitation events are 
expected, including high seasonal and regional variability, with increasing number of 
extreme events likely to occur (IPCC, 2013). In particular, precipitation is projected 
to increase in intensity but decrease in frequency in North America (Wuebbles and 
Hayhoe, 2004, IPCC, 2013). Therefore, it is paramount to understand the degree to 
which terrestrial GHG feedback responses to climate change will mitigate or enhance 
current emissions. Studies including interactive effects of warming and changing 
precipitation patterns are imperative because they are expected to occur 
simultaneously. Particularly, models suggest the interaction between warming and 
soil moisture are a significant determinant of ecosystem responses to the ongoing 
changing climate due to a regulation of biological responses (Kirschbaum, 2004, 
Niyogi and Xue, 2006, Zhou et al., 2010). However, despite recent advances, few 
manipulative long-term field studies in forest ecosystems have directly assessed the 
interactive effects of climate treatments on GHG emissions (CO2: Schindlbacher et 
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al. (2012)), with no studies, to my knowledge including simultaneously all three 
major GHGs. It is therefore essential to include N2O, CH4 and CO2 gases when 
assessing the impact of multiple environmental changes to fully evaluate the 
effectiveness of mitigation options (Tian et al., 2015). 
Forest ecosystems are particularly important to global net GHG emissions because 
they are considered to be major sinks or, with strong sink capacity of CH4 and CO2 
fluxes (Dalal and Allen, 2008). In the case of N2O, although emissions are relatively 
low in unmanaged forest lands in comparison to agricultural soils (Dalal and Allen, 
2008), globally, Northern Hemisphere is responsible for most of N2O emissions in 
comparison to the Southern Hemisphere, due to tropical forest disturbance and 
fertiliser use (Hirsch et al., 2006). Forest biomes are also found to consume on 
average more CH4 than all other ecosystems (Luo et al., 2013) and are major 
contributors to C sequestration by aboveground vegetation and C storage in the soil 
(Macdonald et al., 2011), particularly boreal forests in the Northern Hemisphere 
(Gorte, 2009). Biological processes are responsible for the production and/or 
consumption of these GHGs in all ecosystems. In the case of CO2 emissions, 
heterotrophic respiration (mostly microbial respiration) from forest soils is a major 
contributor to CO2 efflux from these ecosystems, together with plant root respiration 
(Hanson et al., 2000, Subke et al., 2006). However, not only microbial communities 
in the soil are dependent of soil abiotic properties, but gas diffusion can also be a 
major limiting factor for GHG fluxes into soil profile or to atmosphere and thought 
to become a more important driver under higher soil moisture (Borken et al., 2006a). 
Hence, the magnitude and direction of GHG responses to changing climate is still 
unclear due to considerable uncertainty about soil GHG-biotic related responses and 
their underlying mechanisms. 
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Contrasting warming effects on N2O emissions have often been referred in the 
literature, ranging from net increases (Larsen et al., 2011, Cantarel et al., 2012), 
decreases (Hu et al., 2010) or no changes (Niboyet et al., 2011). Drought periods 
have also been found to lead to decreases in N2O fluxes, changing from emission to 
temporary sink (Goldberg and Gebauer, 2009). Larsen et al. (2011) found in a 
heathland ecosystem, that treatment responses of warming combined with reduced 
precipitation were smaller when compared to single treatment effects. Methane 
uptake has been found to increase under warming (Peterjohn et al., 1994, Sjögersten 
and Wookey, 2002) but also to decrease (2013, Dijkstra et al., 2011). Whereas under 
reduced precipitation CH4 uptake have been found to increase (Davidson et al., 2004, 
Billings et al., 2000, Borken et al., 2006a, Borken et al., 2000) with no studies known 
to have examined interactive impacts of warming and reduced precipitation. Carbon 
dioxide emissions, on the contrary have been widely studied, with recent warming 
studies providing evidence of a consistent increase in soil respiration to elevated 
temperatures (Adair et al., 2011, Lin et al., 1999, Melillo et al., 2011, Bronson et al., 
2008, Rustad et al., 2001). However, uncertainty is still present under long-term 
studies with soil respiration rates found to decrease after a certain period of time 
(Rustad et al., 2001, Luo et al., 2001, Melillo et al., 2002). The majority of studies 
targeting only precipitation exclusion have shown a decrease in soil respiration 
(Borken et al., 2006b, Muhr and Borken, 2009) with combined effects with warming 
reflecting an offset of soil warming effects (Schindlbacher et al., 2012). 
This study aimed at quantifying the magnitude and direction of feedback responses 
of N2O, CH4 and CO2 emissions under warming (+3.4°C) and reduced precipitation 
(≈45% exclusion) treatments after five years of experimental warming manipulation 
and two years of reduced precipitation. It was also examined microbial and abiotic 
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soil properties to identify the mechanisms of GHG emission feedback responses. In 
addressing these aims I hypothesized that warming and reduced precipitation favour 
N2O and CO2 emissions and CH4 uptake by increasing aerobic conditions, thus 
favouring microbial aerobic processes and gas diffusion. Combined climate 
treatments are expected to have a synergistic effect on GHG feedback responses. 
 
4.2 Material and methods 
4.2.1 Field site description – B4Warmed experiment 
A free-air warming experiment was established at two field sites, in northern 
Minnesota, USA, in both closed and open overstory conditions. The B4Warmed 
experiment (Boreal Forest Warming at an Ecotone in Danger) was established in 
2008, located in the Cloquet Forestry Center (CFC), Cloquet MN (46° 40’ 46” N, 
92° 31’ 12” W) and approximately 150 km further north, in the Hubachek 
Wilderness Research Center (HWRC), Ely, MN (47° 56’ 46” N, 91° 45’ 29” W) 
(Reich et al., 2015, Rich et al., 2015). Briefly, both sites were situated in 40-60 year 
old mixed aspen-birch-fir forests scattered with pine spruce and other species, 
representing the transition from temperate to boreal biomes. Climate is characterized 
by a mean annual temperature of 4.8°C in Cloquet and 2.6°C in Ely, with a mean 
precipitation respectively of 783 mm and 726 mm (from 1973 to 2008, collected 
from the nearest weather stations and prior to the experiment), respectively. Both 
sites are located on course-textured upland soils classified as Inceptisols and Entisols 
(USDA soil taxonomy) for Cloquet and Ely respectively. 
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The warming treatment comprised three levels of simultaneous plant and soil 
warming (ambient, +1.7°C, 3.4°C). Soil warming consisted of resistance-type 
heating cables buried at a depth of 10 cm, in an east-west orientation, spaced 20 cm 
apart in 3 m diameter plots. Infra-red lamp heaters were used for free-air plant 
warming (Figure 4.1A, 4.1B; further details described in Rich et al. (2015)). Dummy 
lamps and cables were used in ambient plots. A block design was considered 
whereby within each overstory habitat three blocks were established, with six plots 
each, two for each treatment, for a total of 72 plots. Warming was implemented from 
early spring to late autumn each year, in open air, maintaining a fixed temperature 
differential from ambient conditions, via feedback control at the plot scale. Within 
each plot, seedlings of 11 tree species were planted into existing herbaceous 
vegetation in a gridded design. In 2012 a reduced precipitation treatment, ≈45% 
exclusion, was implemented to half the plots under open overstory conditions 
throughout summer period (June to September) (Figure 4.1C). A permanent water 
removal technique (Yahdjian and Sala, 2002), was applied, with individual 
precipitation events targeted only when the cumulative seasonal reduction falls 
below the 45% threshold. Briefly, a rainout shelter, formed by a roof consisting of 
bands of transparent acrylic that intercepts rainfall while minimally affecting other 
environmental variables, was implemented. 
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Figure 4.1 B4Warmed sites showing warming plots in (A) open and (B) closed overstory, 
(C) water removal apparatus and (D-E) gas chamber deployed during sampling. Photographs 
taken in 2013 by C. S. C. Martins. 
 
In 2013, experimental treatments exposed to ambient or +3.4°C warming conditions 
were selected. One plot from each block was randomly assigned for closed overstory, 
and all plots under open overstory conditions were considered (n = 36 plots). Thus, 
an incomplete factorial design was considered for the present study: closed overstory 
+ ambient (CA), closed overstory + warming (CW), open overstory + ambient (OA), 
open overstory + warming (OW), ambient open overstory + ambient precipitation 
(AA), ambient open overstory + reduced precipitation (AR), warming open overstory 
+ ambient precipitation (WA), warming open overstory + reduced precipitation 
(WR). Aboveground ambient temperature, natural precipitation and % removal in 
2013 can be found in Table 4.1. 
 
  
(A) (B)
(C) (D) (E)
122 
 
Table 4.1 Mean aboveground ambient temperature (°C) from unwarmed plots (control), 
block ambient precipitation and corresponding ≈45% removal (mm) for summer period 
(June-September) in 2013 for Cloquet and Ely site. 
Month 
Cloquet Ely 
Ambient 
temperature 
Ambient 
precipitation 
≈45% 
reduction 
Ambient 
temperature 
Ambient 
precipitation 
≈45% 
reduction 
May 8.7 260 - 10.2 171 - 
June 15.2 263 145 15.9 128 70 
July 18.6 41 23 18.9 111 61 
August 18.8 79 43 18.5 122 67 
September 14.0 55 30 14.3 58 32 
October 5.6 144 - 5.6 68 - 
Mean 13.5 842 241 13.9 658 362 
 
4.2.2 Greenhouse gas measurement 
Greenhouse gas fluxes were measured once a month, from May to October 2013 
using a static chamber technique (Figure 4.1D, 4.1E). Measurements were only taken 
during the growing season because climate treatments were off during snow season. 
One PVC chamber base (diameter = 20 cm, height = 15 cm) was permanently 
inserted 8 cm into the soil in each plot 2-3 days before the first measurement took 
place in order to minimize the impact of soil disturbance on GHG fluxes. Chamber 
tops consisted of a PVC collar (height = 10 cm) with one side sealed, covered with 
reflective tape and fitted with a rubber band for closure. Air samples (12 ml) were 
taken from headspace (headspace volume = 5341 cm
3
) after 0, 30, 60 and 90 minutes 
using a butyl rubber septum (Grace Discovery sciences, USA) inserted into the 
chamber top. The gas sample was immediately injected into a 9-ml glass vial (Grace 
Discovery sciences, USA) sealed with a butyl rubber stopper and aluminium seal 
(Grace Discovery sciences, USA). Measurements were taken between 10 am and 2 
pm to minimize diurnal variations. Each site was sampled in two consecutive days. 
Gas samples were analysed for N2O, CH4 and CO2 concentration within one week of 
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sampling at University of Minnesota, using a headspace autosampler (Teledyne 
Tekmar, USA) connected to a 5890 gas chromatograph (Agilent/Hewlett-Packard, 
USA) equipped with an ECD for N2O, FID for CH4 and a thermal conductivity 
detector (TCD) for CO2 detection. This system uses three 1/8” stainless steel packed 
columns (ECD and TCD: Porapak Q; FID: Hayesep N). The equipment was 
calibrated with analytical grade standards of N2O (0.3, 1.6 and 3 ppm), CH4 (1 and 3 
ppm) and CO2 (420, 600 and 3000 ppm) (Scott Specialty Gases, Plumsteadville, PA) 
in each run.  
Fluxes were calculated as in section 2.2.2 but upscaled to growing season 
(corresponding to 184 days, from May to October 2013). Fluxes were reported as 
kilograms of CO
2 
equivalents per growing season (kg CO
2 
eq growing season). The 
net GWP of each climate treatment was also calculated as in section 2.2.2 but for 
each time point individually. The contribution of N2O, CH4 and CO2 individual 
emissions to the net GWP was calculated as in section 2.2.2, from mean values 
across all time points. 
 
4.2.3 Soil sampling and analyses 
Soil temperature (two sealed thermocouples type T; 10 cm depth) and soil volumetric 
moisture (Campbell Scientific CS-616 probe inserted at 45°; 20 cm depth) were 
monitored at each plot continuously (every 15 min and every 60 min respectively), 
with all sensors connected via AM16-32 or AM25T multiplexers to a Campbell 
Scientific CR-1000 data logger at each block (Rich et al., 2015). All soil temperature 
and soil moisture measurements reported refer to mean values during the 90 minutes 
of GHG collection. Soil samples were surveyed during two different time periods. 
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Sampling efforts were focused firstly, in the beginning of the growing season, after 
snow melting and secondly, in the end of the growing season, during litterfall and 
just before the early snowfalls. It was assumed higher microbial activity during these 
periods because of increasing soil moisture and temperatures in the beginning of 
growing season, and C inputs in the soil after plant development and litterfall, in the 
end of the growing season (Zinger et al 2009, Lemmel et al 2015). In the beginning 
(May) and end (September) of the growing season, one soil core (5 cm diameter, 0-
20 cm depth) was collected and sieved through a 2 mm‐mesh sieve. Soil was then 
transported on ice back to University of Minnesota and stored at 4C prior chemical 
analyses (NH4
+
, NO3
-
, pH and total C and N). Subsamples for DNA extraction were 
stored at -80C. Total C and N were measured in September only. Fresh soil was 
dried at 65°C for approximately 4 days until a constant weight was achieved for total 
C and total N determination. Water-filled pore space and soil porosity were 
calculated as in section 2.2.2 but based on bulk densities measured at 0–20 cm soil 
depth. Soil for bulk density and particle size determination were collected prior the 
start of warming treatment. 
 
4.2.4 Soil physicochemical analyses 
Soil gravimetric water content, pH and extractable NH4
+
 and NO3
-
 were determined 
following the protocols outlined in section 2.2.4. Soil pH was determined using a 
Corning pH meter 240. The analytical determination of extractable NH4
+
 (adapted 
from a salicylate method) and NO3
-
 (adapted from Doane and Horwáth (2003)) was 
performed using a BioTek Precision 2000 Automated Microplate Pipetting System 
and Synergy H1 Multi-mode reader (Biotek, USA). Total C and total N were 
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obtained from soil milled for 60 minutes and sent for analysis at University of 
Nebraska. Bulk density and soil particle size were determined on soil from 0-5 cm, 
5-10 cm and 10-20 cm depth, whereby depth and block means were used. Bulk 
density was collected on selected plots using a stainless steel ring (5 cm diameter x 5 
cm length; total volume of 98.2 cm
3
)and soil particle size was determined following 
a hydrometer method (adapted from  Bouyoucos (1962)) using a Bouyoucos Scale 
ASTM Soil Hydrometer 152H (VEE GEE Scientific, USA). 
 
4.2.5 DNA extraction and quantitative PCR analysis 
Total genomic DNA was extracted at University of Minnesota as described in section 
2.2.5 but with the initial cell-lysis step, using a Mini-BeadBeater-8 (Biospec 
Products, USA) for 120 seconds. DNA samples were sent back to University of 
Western Sydney on dry ice for further analysis. DNA extraction yields were in the 
range 24.9-155.1 ng/µL with an average of 70.7 ± 22.1 ng/µL (mean ± standard 
deviation) and an A260/280 ratio of 1.95 ± 0.02 ng/µL. 
Quantification of the functional genes was determined as in section 2.2.5. Full details 
on gene-specific qPCR primer sequences and thermal cycling programs are listed in 
Table 2.2. PCR evaluation of the different target gene assays (efficiency; standard 
R
2
) were the following: AOA amoA (76-90%; ≥0.99), AOB amoA (91-103%; ≥0.99), 
nosZ (96-111%; ≥0.99), pmoA (94-99%; ≥0.99) and 16S rRNA (111-113%; ≥0.99).  
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4.2.6 Statistical analysis 
Repeated measures linear mixed effect model approach was applied to test the effect 
of warming and overstory condition together with the effect of site and time, and all 
interactions. The effect of warming and reduced precipitation in open overstory was 
tested separately, together with the effect of site and time, and all interactions. 
Replicate plots were nested within time as random effects and an autoregressive AR 
(1) covariance structure was used for the fit of the repeated measurements. 
Additionally, soil temperature and/or soil moisture were added as random effects for 
GHG fluxes, when assessing treatment effects. When necessary, data were 
transformed (logarithm or square root) to improve assumptions of normality. 
Analysis of variance was applied to test the effect of treatment and time on net GWP. 
Effects were considered to be statistically significant at P<0.1 due to low number of 
replication. A Bonferroni post-hoc test was used for multiple pairwise comparisons.  
Regression models were then applied to each treatment interaction (warming x 
overstory; warming x reduced precipitation) to explore the significance of soil 
temperature and soil moisture describing GHG emissions. Spearman correlation 
analysis on average data points for each plot was performed for all treatments, on 
warming x overstory and warming x reduced precipitation interactions separately to 
assess possible relationships between response variables and drivers. A linear 
regression model was then applied to gene abundances and GHG fluxes on average 
data points to explore the significance of microbial groups describing GHG fluxes. 
All statistical analyses were performed with GENSTAT v16 (VSN International 
Limited, Hemel Hempstead, UK). 
 
127 
 
4.3 Results 
4.3.1 Effect of warming and reduced precipitation on N2O, CH4, and CO2 fluxes 
Warming significantly increased N2O emissions under open overstory by 
approximately 13-fold in comparison to ambient temperatures (P=0.005; Figure 
4.2A; Appendix C, Table C.1). In closed overstory, N2O emissions from ambient and 
warming treatments were not significantly different from each other (Figure 4.2A). 
Methane fluxes were not significantly different under warming in comparison to 
ambient controls for both closed and open overstory. However, CH4 uptake under 
ambient temperatures was 41% higher in open in comparison to closed overstory 
(P=0.059; Figure 4.2C; Appendix C, Table C.1). In contrast to N2O and CH4, CO2 
emissions showed no significant warming x overstory interaction with only single 
effects of warming (P<0.001) and overstory (P=0.013) identified (Figure 4.2E; 
Appendix C, Table C.1). Overall, CO2 emissions were 9% greater in closed overstory 
in comparison to open overstory and warming treatment 2% greater in comparison to 
ambient temperatures. Nonetheless, a non-significant trend showed higher CO2 
emissions under warming in closed overstory in comparison to ambient one, whereas 
it was decreased under warming in open overstory in comparison ambient control. 
Nitrous oxide, CH4 and CO2 fluxes were significantly different across time 
(Appendix C, Table C.1; Table C.2A – C.2C).  
Reduced precipitation, under both warming and ambient temperatures, had no 
significant effect on N2O emissions in comparison to ambient precipitation controls 
(P=0.020; Figure 4.2B; Appendix C, Table C.1). Nonetheless, a trend showed greater 
N2O emissions under reduced precipitation and ambient temperatures compared to 
ambient precipitation and temperature whereas, a reduction in N2O emissions were 
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observed under reduced precipitation and warming in comparison to ambient 
precipitation and warming. Carbon dioxide emissions, in turn, showed a significant 
reduction under reduced precipitation and warming, by 18%, 15% and 11% less 
compared to single reduced precipitation, ambient control and single warming 
treatment, respectively. (P=0.027; Figure 4.2F; Appendix C, Table C.1). Methane 
fluxes had no significant climate treatment effects (Figure 4.2D; Appendix C, Table 
C.1). All GHG fluxes were significantly different across time (Appendix C, Table 
C.1; Table C.2A-C.2C). 
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Figure 4.2 Effect of warming x overstory condition and warming x reduced precipitation on 
A-B) N2O, C-D) CH4 and E-F) CO2 fluxes expressed as kg CO2 eq growing season. Values 
represent mean ± sem (n=36) of all time points of both field sites. Statistically significant 
differences are represented by different letters (a, b), according to multiple pairwise 
comparisons (P<0.1). 
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4.3.2 Effect of warming and reduced precipitation on net GWP 
Net GWP balance from soil N2O, CH4 and CO2 fluxes induced by climate treatments 
were quite variable between months. Nonetheless, reduced precipitation under 
warming treatment led to a negative net GWP of -14 ± 12 % compared to the 
positive net GWP of 8 ± 9% by warming under closed overstory and of 7 ± 5% by 
reduced precipitation under ambient temperature  (Figure 4.3A; Appendix C, Table 
C.3). Overall, August was significantly different from the remaining months, with a 
greater negative net GWP balance in comparison to the rest (Figure 4.3B; Appendix 
C, Table C.3). Carbon dioxide emissions were responsible for the direction of all 
treatment-induced net GWP, with a negative net GWP observed due to a decrease in 
CO2 emissions in warming under open overstory and reduced precipitation under 
warming in comparison to control treatments. The second highest contributor to net 
GWP was N2O, particularly in warming under open overstory with a contribution of 
+36%. 
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Figure 4.3 Net GWP (%) of climate treatments: warming (CW, OW), reduced precipitation 
(AR) and warming x reduced precipitation interaction (WD), which includes all N2O, CH4 
and CO2 flux measurements in comparison to control treatments (considered here as CA and 
OA for CW and OW respectively, and AA for both AR and WR). Figure (A) illustrates net 
GWP for each climate treatment and figure (B) shows the mean net GWP of all treatments 
for each month measurements. Values represent mean ± sem. Statistically significant 
differences are represented by different letters (a, b), according to multiple pairwise 
comparisons (P<0.1). The table illustrates the contribution (%) of each treatment-induced 
GHG emission to the net GWP, for each individual gas. * refers to treatments under which 
N2O, CH4 or CO2 showed significant differences in comparison to control treatment. 
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4.3.3 Effect of warming and reduced precipitation on soil abiotic characteristics 
Warming and overstory mainly affected available NO3
-
, soil moisture and soil 
temperature. Available NO3
-
 increased five-fold and seven-fold (P=0.036) and soil 
temperature increased 33% and 31% (P<0.001) under warming in both closed and 
open overstory, respectively (Table 4.2; Appendix C, Table C.4). Whereas, soil 
moisture decreased 17% and 25% under CW and OW treatments, respectively 
(P=0.033; Table 4.2; Appendix C, Table C.4). Overall, open overstory showed an 
11-fold increase in available NO3
-
 (P<0.001), 5% increase in soil temperature 
(P<0.001) and 24% decrease in soil moisture (P=0.046) in comparison to closed 
overstory (Table 4.2; Appendix C, Table C.4). Available NH4
+
 (P=0.044), NO3
-
 
(P<0.001) and WFPS (P<0.001) were significantly higher in the beginning of 
growing season compared to the end ((Appendix C, Table C.4; Table C.5A). In the 
case of soil moisture (P<0.001; Appendix C, Table C.4; Table C.5B), soils had 
highest moisture in October (20.56 ± 1.78 %) followed by May (19.24 ± 1.64 %) and 
June (18.62 ± 1.67 %), whereas August had the lowest soil moisture (9.40 ± 1.18 %). 
Soil temperature (P<0.001; Appendix C, Table C.4; Table C.5C) was highest in 
August (20.90 ± 0.57 °C) and lowest in May (11.57 ± 0.49 °C). 
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Table 4.2 Climate treatment effects (OA, OW, CA, CW, AA, AR, WA, WR) on soil abiotic properties from 0-20 cm depth. Values represent mean ± sem of 
all time points available. Statistically significant differences of overstory condition and warming x reduced precipitation interaction are represented by lower-
case letters (a, b) and warming is represented by upper-case letters (A, B), according to multiple pairwise comparisons (P<0.1). CA=closed overstory + 
ambient, CW=closed overstory + warming, OA=open overstory + ambient, OW=open overstory + warming, AA=ambient open overstory + ambient 
precipitation, AR=ambient open overstory + reduced precipitation, WA=warming open overstory + ambient precipitation, WR=warming open overstory + 
reduced precipitation. 
 Warming x Overstory Warming x Reduced precipitation 
Soil abiotic properties CA CW OA OW AA AR WA WR 
1
NH4
+
 (mg kg) 1.43 ± 0.48 2.32 ± 0.82 1.95 ± 0.35 1.80 ± 0.28 1.95 ± 0.35 2.47 ± 0.36 1.80 ± 0.28 2.84 ± 0.52 
1
NO3
-
 (mg kg) 0.04 ± 0.02 B (b) 0.20 ± 0.15 A (b) 0.32 ± 0.10 B (a) 2.20 ± 0.85 A (a) 0.32 ± 0.10 B 0.51 ± 0.16 B 2.20 ± 0.85 A 3.59 ± 0.74 A 
1
pH (H2O) 6.05 ± 0.09 6.16 ± 0.08 5.98 ± 0.07 6.12 ± 0.07 5.98 ± 0.07 6.09 ± 0.06 6.12 ± 0.07 5.95 ± 0.07 
2
Total C (g kg) 20.25 ± 2.52 22.70 ± 4.34 21.20 ± 1.51 23.01 ± 1.94 21.20 ± 1.51 ab 28.98 ± 6.07 a 23.01 ± 1.94 ab 16.36 ± 2.30 b 
2
Total N (g kg) 1.23 ± 0.15 1.32 ± 0.19 1.23 ± 0.07 1.30 ± 0.11 1.23 ± 0.07 ab 1.54 ± 0.31 a 1.30 ± 0.11 ab 0.94 ± 0.13 b 
2
C:N ratio (%)
 
16.46 ± 0.37 16.78 ± 0.80 17.32 ± 0.87 17.70 ± 0.54 17.32 ± 0.87 18.54 ± 0.59 17.70 ± 0.54 17.51 ± 0.98 
4
Volumetric moisture (%)
 
20.32 ± 1.70 A (a) 16.92 ± 1.56 B (a) 16.45 ± 0.91 A (b) 11.81 ± 0.82 B (b) 16.45 ± 0.91 A 15.01 ± 0.90 A 11.81 ± 0.82 B 10.17 ± 0.68 B 
1
WFPS (%)
 
43.03 ± 4.85 42.96 ± 6.89 38.86 ± 2.65 35.93 ± 3.08 38.86 ± 2.65 41.05 ± 4.07 35.93 ± 3.08 29.80 ± 4.24 
4
Soil temperature (°C)
 
13.38 ± 0.61 B (b) 16.67 ± 0.60 A (b) 14.03 ± 0.66 B (a) 17.41 ± 0.65 A (a) 14.03 ± 0.66 B 13.89 ± 0.64 B 17.41 ± 0.65 A 17.35 ± 0.64 A 
3
Porosity (%) 57.92 ± 3.25 56.96 ± 2.45 56.96 ± 2.45 
3
Sand (%) 53.55 ± 1.42 66.90 ± 3.28 66.90 ± 3.28 
3
Silt (%) 31.54 ± 1.65 22.66 ± 3.05 22.66 ± 3.05 
3
Clay (%) 14.91 ± 1.77 10.44 ± 0.52 10.44 ± 0.52 
1
 May and September 2013 (n=6); 
2
 September 2013 (n=3); 
3
 Block means from selected plots; 
4
 May-October 2013 (n=18).
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Under warming x reduced precipitation interaction in open overstory, total C and 
total N were the only measured parameters to show significant differences between 
treatments. Total C was 44% lower (P=0.026) and total N was 39% lower (P=0.025) 
in WR compared to AR treatment (Table 4.2; Appendix C, Table C.4, Table C.5A). 
Ambient precipitation treatments (AA and AW) were not significantly different from 
the remaining treatments. Available NO3
-
 (P<0.001) and WFPS (P=0.002) were 
significantly higher in the beginning of growing season compared to the end (, 
Appendix C, Table C.4; Table C.5A). Soil moisture (P<0.001) was highest in 
October (17.49 ± 0.84 %) and May (16.25 ± 0.91 %), and lowest in August (7.07 ± 
0.56 %) (Appendix C, Table C.4; Table C.5B). Soil temperature (P<0.001) was 
highest in August (21.21 ± 0.59 °C) and lowest in May (12.43 ± 0.47 °C) (Appendix 
C, Table C.4; Table C.5C). 
 
4.3.4 Effect of warming and reduced precipitation on soil microbial 
communities 
No significant effects of warming treatment were detected for any of the gene 
abundances studied. Although a warming x overstory interaction effect was detected 
for nosZ gene abundance (P=0.066; Figure 4.4E; Appendix C, Table C.6) post-hoc 
test showed no differences. An overstory effect was detected for AOB amoA gene 
abundance (P=0.005; Figure 4.4C; Appendix C, Table C.6), with open overstory 
two-fold greater in comparison to closed overstory. Nonetheless, AOA amoA gene 
abundance showed a non-significant trend of two-fold greater in open overstory in 
comparison to closed (Figure 4.4A; Appendix C, Table C.6). Furthermore, AOA 
amoA  was three-fold higher in comparison to AOB amoA gene abundance.,. A time 
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effect was observed for nosZ (P<0.001) and pmoA (P<0.001) gene abundance 
(Appendix C, Table C.6; Table C.7) but not for amoA and 16S rRNA. nosZ gene 
abundance was 73% higher at the beginning of the growing season in comparison to 
the end, whereas pmoA gene abundance was four-fold higher at the end compared to 
the beginning of the growing season. 
No warming x reduced precipitation interaction was detected for any of the gene 
abundances measured, however, single effects were observed. Particularly, reduced 
precipitation treatments, AR and WR, decreased AOA amoA gene abundance by 
59% and 69% respectively, in comparison to AA treatment (P=0.054; Figure 4.4B; 
Appendix C, Table C.6). A significant warming effect was observed under open 
overstory for nosZ (P=0.014; Figure 4.4F), pmoA (P=0.021; Figure 4.4H) and 16S 
rRNA (P=0.017; Figure 4.4J) gene abundances (Appendix C, Table C.6). 
Specifically, WA and WR decreased nosZ by 18% and 29% respectively; pmoA by 
31% and 29% respectively; and 16S rRNA gene abundance by 23% and 6% 
respectively. Similarly to warming x overstory interaction, only nosZ (P=0.009) and 
pmoA (P<0.001) gene abundances were significantly different through time, with 
nosZ 35% higher at the beginning of the growing season and pmoA four-fold higher 
at the end (, Appendix C, Table C.6; Table C.7).  
 
136 
 
 
Figure 4.4 Effect of warming x overstory condition and warming x reduced precipitation on 
A-B) AOA amoA, C-D) AOB amoA, E-F) nosZ, G-H) pmoA and I-J) 16S rRNA gene 
abundances expressed as gene copies g
-1
 dry soil. Values represent mean ± sem (n=12) from 
beginning and end of growing season of both field sites. Statistically significant differences 
are represented by different letters (a, b), according to multiple pairwise comparisons 
(P<0.1). 
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4.3.5 Relationship between microbial and abiotic factors and N2O, CH4 and CO2 
emissions 
From the three microbial groups involved in N2O emissions included in this study, 
AOB amoA gene abundance was the only group presenting a significant positive 
correlation with N2O (P=0.006, r=0.45; Table 4.3). This was further reflected in a 
significant linear relationship explaining 12.8% of the variance found in N2O fluxes 
(P=0.019, Figure 4.5B). When excluding reduced precipitation treatment, N2O 
emissions were positively correlated to soil temperature (correlative values 
corresponding to average values of all available measurements taken; P=0.046, 
r=0.41; Table 4.3). However, no significant relationship (in regression analysis) was 
observed between soil temperature and N2O fluxes and soil moisture and N2O fluxes 
throughout the growing season (Figure 4.6A, 4.6B, 4.6G, 4.6H). Nevertheless, soil 
temperature had a positive impact on AOB, with higher temperatures leading to 
higher gene abundance (P=0.046, r=0.33; Table 4.3), while N2O-reducing bacteria 
were negatively impacted, with higher temperatures leading to lower nosZ gene 
abundance (P=0.017, r=-40; Table 4.3). Under warming x reduced precipitation 
treatments (open overstory), soil moisture was positively correlated with nosZ gene 
abundance (P=0.009, r=0.52; Table 4.3), reflecting an increase in nosZ gene with 
increasing soil moisture. Nitrate was positively correlated with N2O fluxes and AOB 
(P=0.001, r=0.55; P<0.001, r=0.65, respectively; Table 4.3), providing additional 
evidence of nitrification-mediated processes. Lastly, soil particle size, capable of 
affecting gas diffusion rates, was strongly correlated with AOB amoA gene 
abundance. Greater amoA gene abundance was related to increasing sand particles 
(P<0.001, r=0.57; Table 4.3) in the soil and decreasing clay and silt particles 
(P=0.015, r=-0.40; P=0.005, r=0.46, respectively; Table 4.3). 
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Methane emissions were reflected in functional gene abundance trends observed in 
methanotrophs. pmoA gene abundance was negatively correlated with CH4 emissions 
(P=0.012, r=-0.41, Table 4.4), revealing an increase in CH4 uptake (decrease in net 
CH4 emissions) with increasing gene abundance. This linear relationship explained 
19.5% of variance found in CH4 fluxes (P=0.004, Figure 4.5D). Furthermore, a 
significant relationship between soil temperature and soil moisture and CH4 fluxes 
was observed, in both warming x overstory (excluding reduced precipitation) and 
warming x reduced precipitation (open overstory only) treatments. Favourable 
aerobic conditions for CH4 consumption, illustrated by decreasing soil moisture and 
increasing soil temperature, explained 12% (P<0.001, Figure 4.6C) and 10.9% 
(P<0.001, Figure 4.6D) respectively, of the variance of CH4 fluxes in warming x 
overstory. In the case of warming x reduced precipitation treatments in open 
overstory, a variance of 6.6% (P=0.001, Figure 4.6I) and 5.2% (P=0.003, Figure 
4.6J) was explained by soil moisture and soil temperature, respectively. Similarly to 
N2O fluxes, soil particle size also reflected the aerobic conditions necessary for CH4 
consumption. In particular, sand particles (associated with larger soil pores) were 
positively correlated with pmoA gene abundance (P=0.031, r=0.36) and negatively 
correlated with CH4 net emissions (P=0.005, r=-0.46) (Table 4.4). The inverse 
relationship was observed for smaller soil particles such as silt (Table 4.4). 
Carbon dioxide emissions exhibited a positive linear relationship with soil moisture, 
in both warming x overstory (P=0.016, Figure 4.6E) and warming x reduced 
precipitation (P=0.007, Figure 4.6K), explaining 3.4% and 4.5% respectively of the 
variance. On the other hand, soil temperature exhibited a bell-shaped relationship 
with CO2 fluxes explaining 15% (P<0.001, Figure 4.6F) and 13% (P<0.001, Figure 
4.6L) of the variance detected in warming x overstory and warming x reduced 
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precipitation, respectively. Conversely, total CO2 emissions did not show a 
significant relationship with bacterial abundance in the soil (Table 4.5; Figure 4.5). 
Soil particle size, particularly sand, showed a negative correlation with CO2 
emissions (P=0.002, r=-0.50, Table 4.5), suggesting an increase in CO2 fluxes when 
less sand particles available. 
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Table 4.3 Correlation coefficients (Spearman’s ρ) between N2O fluxes, gene abundances (AOA and AOB amoA and nosZ) and abiotic properties for warming 
x overstory (n=24), warming x reduced precipitation (n=24) and all treatments together (n=36). Values for each replicate plot represent means of all 
measurements obtained. + (P<0.10); * (P < 0.05); ** (P < 0.01); *** (P < 0.001). 
 Warming x Overstory 
Warming x Reduced 
precipitation 
All 
Variables N2O 
AOA 
amoA 
AOB 
amoA 
nosZ N2O 
AOA 
amoA 
AOB 
amoA 
nosZ N2O 
AOA 
amoA 
AOB 
amoA 
nosZ 
AOA amoA 0.16 - - - -0.24 - - - -0.11 - - - 
AOB amoA 0.48* - - - 0.23 - - - 0.45** - - - 
nosZ -0.02 - - - -0.18 - - - -0.10 - - - 
NH4
+
 -0.13 -0.21 -0.10 -0.24 0.33 -0.42* 0.25 -0.06 0.21 -0.41* 0.08 -0.33+ 
NO3
-
 0.50* 0.27 0.71*** -0.13 0.47* -0.19 0.51* -0.35+ 0.55** -0.05 0.65*** -0.32+ 
pH 0.15 -0.57** -0.12 -0.19 0.10 -0.12 -0.15 0.24 0.08 -0.35* -0.16 -0.10 
Total C 0.36+ -0.27 0.27 -0.18 0.28 -0.34 0.13 -0.03 0.33+ -0.24 0.17 0.03 
Total N 0.45* -0.18 0.16 -0.05 0.33 -0.33 0.03 0.01 0.33* -0.22 0.08 0.08 
C:N ratio 0.06 -0.18 0.41* -0.21 0.15 -0.25 0.40+ -0.13 0.22 -0.25 0.39* -0.12 
Volumetric moisture -0.19 -0.22 -0.36+ -0.03 -0.26 0.23 -0.35 0.52** -0.21 -0.06 -0.39* 0.23 
WFPS -0.16 -0.58** -0.20 -0.42* -0.01 -0.18 -0.06 0.22 -0.13 -0.38* -0.28+ -0.12 
Soil temperature 0.41* -0.10 0.30 -0.29 0.32 0.04 0.33 -0.50* 0.30+ -0.03 0.33* -0.40* 
Sand 0.21 0.39+ 0.65** -0.13 -0.19 0.14 0.40+ 0.00 0.19 0.21 0.57*** -0.12 
Clay -0.23 -0.36+ -0.45* -0.31 0.43* -0.10 -0.17 -0.14 0.00 -0.23 -0.40* -0.21 
Silt 0.02 -0.13 -0.48* 0.39+ 0.08 -0.01 -0.51* 0.12 -0.06 -0.04 -0.46** 0.31+ 
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Figure 4.5 Relationship of (A-C) N2O, (D) CH4 and (E) CO2 fluxes and respective gene 
abundances (AOA and AOB amoA, nosZ; pmoA; 16S rRNA). Each data point is the average 
of each plot measured across all time points. The solid and dashed lines represent the fitted 
linear regressions and their 95% confidence intervals, respectively. Regression lines are only 
shown when significant (P < 0.1). 
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Figure 4.6 Relationship of N2O (A-B, G-H), CH4 (C-D, I-J) and CO2 (E-F, K-L) fluxes and soil moisture (A, C, E, G, I, K) and soil temperature (B, D, F, H, J, 
L) under warming x overstory (A-F) and warming x reduced precipitation (G-L) treatments. The solid and dashed lines represent the fitted linear regressions 
and their 95% confidence intervals, respectively. Regression lines are only shown when significant (P < 0.1). 
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Table 4.4 Correlation coefficients (Spearman’s ρ) between CH4 fluxes, pmoA gene 
abundance and abiotic properties for warming x overstory (n=24), warming x reduced 
precipitation (n=24) and all treatments together (n=36). Values for each replicate plot 
represent means of all measurements obtained. + (P<0.10); * (P < 0.05); ** (P < 0.01); *** 
(P < 0.001). 
 
Warming x 
Overstory 
Warming x Reduced 
precipitation 
All 
Variables CH4 pmoA CH4 pmoA CH4 pmoA 
pmoA -0.14 - -0.63** - -0.41* - 
NH4
+
 -0.52* -0.02 -0.13 0.10 -0.22 -0.05 
NO3
-
 -0.31 0.23 -0.07 -0.23 -0.20 0.03 
pH 0.00 -0.20 -0.09 0.01 -0.03 -0.11 
Total C -0.08 -0.38+ 0.32 -0.24 0.18 -0.25 
Total N 0.01 -0.44* 0.39+ -0.29 0.24 -0.31+ 
C:N ratio -0.29 0.19 -0.05 0.05 -0.14 0.16 
Volumetric moisture 0.43* -0.03 0.21 0.15 0.39* 0.03 
WFPS -0.11 -0.17 -0.10 -0.08 -0.08 -0.09 
Soil temperature -0.20 0.21 -0.10 -0.05 -0.19 0.06 
Sand -0.26 0.35+ -0.63** 0.41* -0.46** 0.36* 
Clay 0.05 -0.08 0.29 -0.32 0.28 -0.16 
Silt 0.35+ -0.33 0.56** -0.32 0.50** -0.34* 
 
 
Table 4.5 Correlation coefficients (Spearman’s ρ) between CO2 fluxes, 16S rRNA gene 
abundance and abiotic properties for warming x overstory (n=24), warming x reduced 
precipitation (n=24) and all treatments together (n=36). Values for each replicate plot 
represent means of all measurements obtained. + (P<0.10); * (P < 0.05); ** (P < 0.01); *** 
(P < 0.001). 
 
Warming x 
Overstory 
Warming x Reduced 
precipitation 
All 
Variables CO2 
16S 
rRNA 
CO2 
16S 
rRNA 
CO2 
16S 
rRNA 
16S rRNA -0.06 - 0.05 - 0.19 - 
NH4
+
 0.10 -0.19 -0.20 0.14 -0.04 0.02 
NO3
-
 -0.29 -0.15 -0.51* -0.17 -0.46** -0.11 
pH 0.08 -0.09 0.18 0.01 0.09 -0.11 
Total C -0.30 -0.30 0.27 0.03 0.11 0.00 
Total N -0.15 -0.18 0.40+ 0.05 0.22 0.01 
C:N ratio -0.33 -0.13 -0.28 0.10 -0.22 0.15 
Volumetric moisture 0.24 0.27 0.61** 0.44* 0.47** 0.24 
WFPS 0.14 -0.10 0.26 -0.05 0.25 -0.09 
Soil temperature -0.05 -0.11 -0.55** -0.37+ -0.29+ -0.15 
Sand -0.42* -0.27 -0.44* -0.06 -0.50** -0.06 
Clay 0.21 0.06 -0.06 -0.02 0.17 -0.04 
Silt 0.35+ 0.31 0.54** 0.11 0.49** 0.12 
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4.4 Discussion 
4.4.1 Feedback responses of N2O, CH4 and CO2 emissions and net GWP under 
warming and reduced precipitation  
Nitrous oxide emissions measured throughout the growing season were variable, 
usually attributed in natural ecosystems to N cycle complexity due to multiple 
processes involved in the release of N2O to the atmosphere (Chapuis-Lardy et al., 
2007). After five years of experimental warming manipulation, the present study has 
shown significantly higher N2O emissions in open overstory conditions, which 
directly contributed with +36% to net GWP in OW treatment. This suggests that 
upland soils, specifically boreal forests, under such conditions, may become a 
significant source of N2O under future warming. In fact, N2O emissions are generally 
considered to be low in forest ecosystems in comparison to agricultural soils, due to 
low N availability (Dalal and Allen, 2008), but are expected to increase in response 
to elevated temperatures according to a recent meta-analysis study (Dijkstra et al., 
2012).  
Carbon dioxide emissions are usually capable of changing the direction of soil net 
GWP, due to the much larger amount of emissions released to the atmosphere in 
comparison to N2O and CH4. Under warming, CO2 fluxes are expected to increase 
(Adair et al., 2011, Lin et al., 1999, Melillo et al., 2011, Bronson et al., 2008, Rustad 
et al., 2001). However, in long-term studies, CO2 emissions have also shown to 
decrease to pre-warming rates under increased temperatures, after a certain number 
of years (Rustad et al., 2001, Luo et al., 2001, Melillo et al., 2002). In the present 
experiment, soil respiration has been measured since the start of warming 
implementation. It was observed that the increased CO2 emissions as a response of 
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warming were substantially decreased in the fourth and fifth year of measurements 
(2012-2013), although still higher in comparison to ambient treatments (Eddy, 2015). 
If a transient response of soil CO2 flux is accompanied by a consistent increase in 
N2O and CH4 emissions (or its uptake reduction), it can lead to a positive effect on 
soil net GWP. In the present study, soils were a net CH4 sink throughout the growing 
season, as indicated by negative values. However, CH4 uptake did not significantly 
respond to warming. Nonetheless, overstory conditions directly affected CH4 
oxidation rates, with greater CH4 sink observed in open than in closed overstory. 
This was an unexpected result, since vegetation and ecosystem type are known to 
directly impact CH4 emissions. Particularly tree proximity, with the soil around trees, 
usually associated with higher CH4 uptake rates (Aronson et al., 2013). Butterbach-
Bahl et al. (2002) also showed that greater net CH4 uptake rates occur at soils closer 
to deciduous trees and further from coniferous trees.  
Under open overstory conditions, and after only two years of reduced precipitation 
treatment implementation, interactive warming x reduced precipitation treatment was 
found to significantly decrease CO2 emissions. In line with the present results, 
Borken et al. (2006b) found that soil respiration decreased in response to rainfall 
exclusion in a temperate forest soil. Under interactive effects of warming and 
reduced precipitation, Schindlbacher et al. (2012) also found that increased CO2 
emissions detected under warming were offset by prologued summer drought. The 
fact that, the single effect of reduced precipitation treatment did not reduce soil 
respiration suggests the reduced moisture levels under this treatment are just enough 
to maintain microbial activities. Whereas, when combined with warming effects, the 
additional decline in water availability can become suboptimum for microbial 
activity and thus decreasing soil CO2 flux.  
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In the case of N2O emissions an offset of warming-induced N2O emissions could be 
taking place under interactive warming x reduced precipitation treatment since N2O 
emissions were lower. This could be due soil moisture reducing below optimum 
thresholds for microbial N2O production and hence becoming limited by substrate 
diffusion and water availability for microbial activity (Bateman and Baggs, 2005). 
Cantarel et al. (2012), in an upland grassland ecosystem found an increase in N2O 
emissions under warming (+3.5°C) and warming combined with summer drought 
manipulation (-20%) in comparison to control treatment. However, an offset of 
warming effects due to combined drought and warming treatments, was only 
observed during autumn. This could be explained by only 20% of precipitation 
removed in their study in comparison to 45% of ours. 
Seasonal variation directly affected net GWP of the climate treatments considered, 
particularly in August when natural precipitation was reduced and temperatures were 
higher. Consequently, CO2 emissions decreased, which lead to negative net GWP of 
most treatments. However, this study only takes into account the impact of climate 
change treatments on soil net GWP, excluding the aboveground vegetation 
contribution to ecosystem net GWP values. Although negligible for N2O and CH4 
emissions, the CO2 emission balance between aboveground vegetation and 
belowground respiration is key for more accurate understanding of net GWP of 
whole ecosystems and should be considered in future studies. Altogether the results 
presented suggest soil moisture and temperature variability due to changing climate 
can have strong impacts on CO2 emissions and to a lesser extent on N2O emissions. 
Therefore, temporal variability should be accounted in GHG studies, since directly 
contributes to a better understanding of abiotic thresholds affecting GHG production 
and/or consumption and hence, future GHG feedback responses to climate change.  
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4.4.2 Soil biotic and abiotic drivers of N2O emissions under warming and 
reduced precipitation 
In contrast to what was expected, AOB were more strongly related to N2O emissions 
than AOA amoA gene abundance, although AOB were outnumbered by the latter. 
Ammonia oxidizing-bacteria are conventionally thought to have less competitive 
advantage for nutrient resources compared to AOA, with the latter usually found to 
dominate in abundance over AOB in several ecosystems (Erguder et al., 2009). 
Ammonia oxidizing-archaea’s preference for acidic soils (Hatzenpichler, 2012, 
Gubry-Rangin et al., 2011), could also explain the possible functional dominance of 
AOB over AOA, since these soils were close to neutrality (pH 6). However, AOA’s 
contribution to N2O production cannot be excluded since this was not measured in 
this study. Furthermore, substrate availability not only impacts ammonia-oxidizers’ 
abundance but can also affect their composition (Verhamme et al., 2011), with Alves 
et al. (2013) showing that functional distinct populations can be determinant of 
nitrification activity rather than whole populations. Nitrification-mediated pathways, 
carried by ammonia-oxidizers also capable of denitrification, tend to dominate over 
heterotrophic denitrification, which occurs under extremely low O2 availability (Zhu 
et al., 2013). In the present study, the relationship observed between N2O emissions 
and AOB amoA gene abundance and no significant relationship observed with nosZ 
gene abundance, suggests that nitrification-mediated pathways are predominant in 
these soils. As has been suggested in other boreal systems (Matson et al., 2009). 
Other studies found AOB abundance dominant over AOA in boreal ecosystems 
(Boyle-Yarwood et al., 2008, Petersen et al., 2012), which although contrasting with 
the present results, demonstrates the importance of nitrifying AOB communities in 
this ecosystem.  
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Warming effects on N2O emissions could therefore be explained by two different 
mechanisms occurring simultaneously in soil. (1) Elevated temperatures may 
increase microbial metabolism and enzyme activity (Cookson et al., 2007, Koch et 
al., 2007, Gong et al., 2015) resulting in greater decomposition rates and N 
mineralization. In a meta-analysis study, Bai et al. (2013) has shown that 
experimental warming increases N mineralization and net nitrification rates in the 
soil as well as increasing N pools. As a consequence, N losses in the form of N2O 
fluxes are more likely to occur. (2) Elevated temperatures will also reduce water 
availability in the soil due to evaporation and hence changing oxic conditions, with 
reduction in WFPS expected to increase aerobic processes (Bateman and Baggs, 
2005) But reduce N2O reductase activity, due to its  high sensitivity to O2 availability 
(Richardson et al., 2009). Decreasing water availability under reduced precipitation 
can impact N2O-reducing bacteria abundance and hence, alter the only N2O 
consumption process known to take place in the soil (Jones et al., 2014, Richardson 
et al., 2009). However, the magnitude of atmospheric N2O consumption by N2O-
reducing bacteria is still not fully understood (Chapuis-Lardy et al., 2007). 
Nonetheless, these microorganisms can be important players at the soil microsite 
level by acting on the N2O produced (Spiro, 2012) and hence contributing to net N2O 
emission balance. Studies including the metabolic activity of functional microbial 
groups together with ancillary analysis of soil properties are needed to better 
understand the extent of direct and indirect effects warming have on soil N2O 
emissions.  
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4.4.3 Soil biotic and abiotic drivers of CH4 emissions under warming and 
reduced precipitation 
Methane oxidation rates followed similar trends as pmoA gene abundance, which is 
not surprising since methanotrophs are the only known biological sink of CH4 in soil 
(Le Mer and Roger, 2001). They are extremely important, particularly in upland 
soils, where conditions are aerobic (Dutaur and Verchot, 2007). In the present study, 
soil temperature relationship with  CH4 flux, may reflect an indirect effect, by 
reducing soil moisture, since higher soil moisture lead to lower CH4 sink (Dijkstra et 
al., 2011). Therefore, abiotic properties such as soil moisture and soil temperature are 
of extreme importance to create the optimum conditions for CH4 consumption and, 
methanotrophs distribution (Martiny et al., 2006).  
The optimum soil water content is thought to reflect the balance between gas 
transport rates and physiological water stress (Luo et al., 2013). Dutaur and Verchot 
(2007), in a meta-analysis study (and references within) have also shown that 
geographic zone, ecosystem type and soil texture are strong predictors of CH4 uptake 
rates. The results presented in this study support those findings, since soil site and 
overstory condition were a significant factor influencing CH4 uptake. In fact, the 
literature shows that site specific soil properties and soil gas diffusion potentials 
control soil moisture thresholds for optimal CH4 uptake (Luo et al., 2013). This could 
explain the significantly higher CH4 oxidation rates under open overstory in 
comparison to closed overstory in this study. The higher sand content observed in 
open overstory could allow more gas diffusion into the soil, which together with less 
soil moisture available creates optimum conditions for CH4 uptake. Soil texture is 
directly linked to soil structure, for example, soils with fine texture, usually with 
higher clay and silt content tend to have lower porosity. Thus, leading to higher 
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water retention, constraining the diffusion of atmospheric CH4 into the soil profile 
(Dijkstra et al., 2012). In turn, soils with coarse texture and higher sand content will 
have more rapid drainage due to higher porosity. Hence, contributing to higher CH4 
diffusion rates into the soil profile (Dijkstra et al., 2012). Still, it is important to note 
the effect of soil texture, not only will affect gas diffusion, but also O2 levels in the 
soil microsites and thus methanotrophs activity.  
Interestingly, pmoA gene abundance and CH4 sink were reduced under warming 
treatments (WA and WR) in open overstory, in contrast to the above arguments. 
Furthermore, AR treatment, although non-significant, corresponded to a decrease in 
CH4 oxidation and pmoA gene abundance. This contrasts with other studies that 
found increased CH4 uptake under drought treatments across different forest 
ecosystems (Davidson et al., 2004, Billings et al., 2000, Borken et al., 2006a, Borken 
et al., 2000). However, Billings et al. (2000) also related CH4 uptake response to 
reduced precipitation to vary according to climate. In his study, lower amounts of 
precipitation caused an increase in CH4 uptake at a relatively dry boreal forest site, 
but the opposite was observed at a relatively wet boreal forest site nearby. The results 
under both WA and WR treatments could be explained, firstly due to more 
favourable methanogenic activity under higher temperatures, in comparison to 
methanotrophs (Le Mer and Roger, 2001). This can result in slightly lower CH4 
uptake, although unlikely due to the strong sink nature of CH4 fluxes throughout the 
growing season. Secondly, warming could directly affected microbial composition 
by negatively impacting the group of species regulating methanotrophy in those soils 
(Nazaries et al., 2013). Finally, the changes in CH4 flux under WA, WR treatments, 
as well as AR, could be owing to minor inhibition of methanotrophs due to lower 
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moisture content (<12%) and increased osmotic stress (Conrad, 1996, Khalil and 
Baggs, 2005, Jäckel et al., 2001, Striegl et al., 1992).  
 
4.4.4 Soil biotic and abiotic drivers of CO2 emissions under warming and 
reduced precipitation 
Soil CO2 emissions followed similar trends as bacterial abundance in warming x 
overstory, which suggests that microbial respiration, although not fully accounted in 
this study (fungal abundance was not measured), can be an important driver of soil 
CO2 fluxes. In fact, long term measurements of bulk soil (root excluded) respiration 
in the same field experiment, revealed these were constantly higher under warming 
throughout the five years of treatment, in contrast with total soil respiration, which 
decreased after three years of warming, but still higher in comparison to ambient 
treatments (Eddy, 2015). This further supports the results presented, which suggests 
heterotrophic microbial respiration is an important driver of soil CO2 emissions 
under increased temperatures in comparison to root respiration.  
Both warming and reduced precipitation treatments directly soil moisture, which may 
reflect changes in soil CO2 emissions. Warming directly increases soil evaporation 
due to higher temperatures. Open overstory is more exposed to weather conditions 
due to less canopy cover (and hence to higher temperatures leading for example. to 
increased evaporation); and reduced precipitation directly decreases water 
availability in the soil. Several studies in upland ecosystems have found reduced CO2 
fluxes at low moisture availability (Savage and Davidson, 2001, Epron et al., 1999, 
Yuste et al., 2003, Wan et al., 2007). However, in the present study, soil temperature 
showed a bell shaped relationship with CO2 emissions under warming x reduced 
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precipitation. This suggests that, when soil moisture is not limiting, soil temperature 
is a dominant determinant of soil respiration (Yu et al., 2011). After which, soil 
respiration (both heterotrophic and total soil respiration) becomes decoupled from 
soil temperature under low water availability (Wang et al., 2014, Chang et al., 2014). 
Such mechanism could reflect a thermal adjustment of soil microorganisms to 
increasing temperatures or reduction of belowground C pools (Bradford et al., 2008, 
Bradford, 2013, Kirschbaum, 2004).  
Soil texture had a negative impact on CO2 emissions, with increasing sand content 
correlating with decreasing soil respiration. This relationship could be related to 
lower moisture level due to larger soil pores. The indirect effects of soil texture, 
therefore, can have an essential role in ecosystems vulnerable to warming and 
changing precipitation events, with soils with lower clay content holding less water, 
particularly when vegetation is scarce (Balogh et al., 2011). As a consequence, low 
soil moisture level, can decouple the interaction between available substrate, 
enzymes and microbes by affecting their mobility (Or et al., 2007). Soil bacteria are 
generally considered to be less tolerant to soil drying than fungi (Brown, 1990), 
however, although warming was observed to decrease bacterial abundance, reduced 
precipitation treatment effect was not detected. Manzoni et al. (2012), in a meta-
analysis study of soil microbial communities’ response to water stress concluded that 
microbial community composition and climate are not predictors of the threshold of 
water stress, with substrate diffusion becoming a more important limiting factor. This 
could explain the abundance of bacteria remaining unaffected, with the activity 
instead, becoming compromised under reduced precipitation Nonetheless, studies 
have shown that microbial composition can also be affected by drier conditions, 
favouring more resilient groups (Fierer et al., 2003, Uhlířová et al., 2005). To better 
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understand the intricate relationship between soil moisture, soil temperature, 
microbial communities and CO2 emissions, seasonality needs to be included together 
with the differences between root and microbial respiration and not solely abiotic 
measurements.  
 
4.5 Conclusions 
After five years of warming manipulation, only N2O emissions significantly 
increased under open overstory whereas after two years of reduced precipitation 
implementation, CO2 emissions significantly decreased, only when interacted with 
warming. Nonetheless, individual effects of warming in closed overstory, and 
reduced precipitation in open overstory had a positive effect on soil net GWP. 
Whereas, interactive warming x reduced precipitation treatment had a negative effect 
on soil net GWP, which was directly related to CO2 contribution relative to N2O and 
CH4. All three GHG emissions were directly related to water availability under 
different treatments, with a decoupling of soil temperature effect observed on soil 
CO2 efflux after a certain moisture threshold. Water availability also directly impact 
microbial aerobic processes (nitrification-mediated pathways and methanotrophy, 
respectively) and gas diffusion, in the case of N2O and CH4. Overall, this study 
suggests that GHG feedback responses are dependent of interactive climate 
treatments and habitat type impacts on soil biotic and abiotic properties. Thus, longer 
field studies envisioning more interactive treatments capable of directly impacting 
water availability should be considered in order to improve the mechanistic 
understanding of GHG feedback responses. 
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CHAPTER 5 GENERAL CONCLUSIONS AND FUTURE 
PERSPECTIVES 
Conclusions 
The work presented in this thesis was the first to investigate in a more holistic 
approach, the interactive effects of management practices and climate change on net 
N2O, CH4 and CO2 fluxes from forest ecosystems. Different ecosystems from 
drylands to boreal forest were used, and included experimental settings ranging from 
laboratory controlled to field-based experiments, assessing different time scales of 
treatment implementation. Furthermore, to comply with a more integrated approach 
that should be envisioned in ecological studies, all three important GHGs were 
studied with both biotic and abiotic predictors known to be capable of driving GHG 
emissions. This approach aimed to improve the mechanistic understanding of GHG 
feedback responses to different global changes, by quantifying both flux responses 
and their potential drivers at the micro scale level. The most important findings of 
this thesis work were (Table 5.1): 
 In a dry subhumid ecosystem, N2O fluxes are limited by both water and 
substrate (N) availability, whereas CO2 fluxes were only limited by water 
availability and CH4 by N availability. Current management practices may, 
therefore, enhance GHG emissions from forest plantations (Chapter 2). 
 
 Land-use change, specifically afforestation, has the potential to mitigate GHG 
emissions, however, in this study only CO2 emissions were reduced after six 
years of afforestation (Chapter 2). 
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 Greenhouse gas emissions, particularly CO2, respond more rapidly to 
warming effects than to elevated CO2 (Chapter 3) or reduced precipitation 
(Chapter 4). 
 
 Methane uptake increased under elevated temperature in dryland soils after 
nine months of experimental manipulation (Chapter 3) whereas N2O 
emissions were increased after five years of warming in a boreal forest soil 
(Chapter 4). 
 
 Interactive effects of elevated CO2 and elevated temperature have a less than 
additive (synergistic) effect on soil net GWP with both individual effects 
increasing soil net GWP (Chapter 3). 
 
 Warming and reduced precipitation, although leading to an increase in soil 
net GWP individually, when interacted, the treatment effect becomes 
antagonistic, leading to a decrease of soil net GWP (Chapter 4).  
 
 Nitrous oxide emissions showed a strong relationship with ammonia-
oxidizing communities suggesting that nitrification-mediated pathways could 
be a major contributor to N2O emissions (Chapters 2-4). 
 
 Methane uptake showed a strong relationship with methanotroph 
communities but also with soil characteristics such as soil moisture, 
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temperature and texture, suggesting that both biotic and abiotic characteristics 
are key drivers of soil net CH4 emissions (Chapters 2-4). 
 Carbon dioxide emissions were related to soil bacterial communities’ 
abundance and these were primarily driven by water availability. Although 
soil characteristics were also strong contributors to soil respiration (Chapters 
2-4). 
 
Overall, this thesis shows the important implications that management practices can 
have on net soil GWP obtained from all three GHGs (N2O, CH4 and CO2), becoming 
rather incomplete when only one GHG is included. Fertilisation, when combined 
with irrigation in drylands, is capable of having a positive effect on net GWP due to 
both increases of N2O and CO2 emissions. In these ecosystems, water availability is 
crucial for microbial activity to occur at optimum level and thus, when combined 
with an increase in substrate availability, is capable of changing soils that would 
otherwise be a low emitter of GHGs. 
In all experimental studies, it was possible to detect key microbial groups as 
important predictors of GHG emission responses to global change treatments, which 
favours their inclusion in modelling approaches to better estimate GHG budgets. 
Microbial community composition and activity can be rather complex to determine 
and include in models due to a high number of predictive variables, whereas gene 
abundance offer an easier approach in model simulations. Hence, this study provides 
new options that can be easily implemented in order to improve current predictive 
models of GHG fluxes. 
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In both Chapter 3 and 4, was possible to observe an increase in GHG fluxes due to 
warming, and to a lesser extent, to elevated CO2. On the contrary, in Chapter 4, 
reduced precipitation seems to constrain GHG release from soils. These results were 
consistent with current literature (Table 1.3; Table 1.4) that has found similar results. 
By including short and long-term interactive studies it was possible to observe that 
single effects of warming tend to overestimate GHG feedback responses from forest 
ecosystems and tend to reduce with longer time periods. When interacted with 
elevated CO2 or reduced precipitation, positive GHG feedback responses were also 
less than additive, suggesting forest ecosystems may contribute less than expected to 
climate change. Furthermore, under reduced aboveground vegetation, soils had 
higher positive GHG feedback responses of N2O and CH4, with higher contribution 
to net GWP after longer periods of climate manipulation (Chapter 4). With 
increasing global deforestation rates and climate change, the observed acclimation 
for soil CO2 emissions and the increasing N2O and CH4 emissions may lead to a 
switch from CO2 to both N2O and CH4 emissions becoming the drivers of the 
direction and magnitude of climate-induced net GWP. Nonetheless, more field 
studies are needed, for longer periods of time and higher number of interactive 
treatments as well as encompassing forested and deforested sites (chronosequences), 
to better quantify the responses of ecosystems to predicted climate change. 
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Table 5.1 Summary of global change treatment effects on N2O emissions, CH4 uptake, CO2 emissions and GHG predictors from best and most parsimonious 
models obtained from multi-model inference approach or pairwise analyses.↑ = increased; ↓ = decreased; -- = no significant effect. Treatments are as follow: F 
= solid fertilisation, I = irrigation, IF = irrigation x liquid fertilisation; A = afforestation; eC = elevated CO2; eT = elevated temperature; eCeT = elevated CO2 
x elevated temperature; CW = closed overstory + warming, OW = open overstory + warming, AR = ambient open overstory + reduced precipitation, WR = 
warming open overstory + reduced precipitation. More than one effect refers to single effects (CO2 and temperature) taking place simultaneously. 
Global change treatment 
Treatment 
design N2O emissions 
N2O 
best 
predictors 
CH4 
uptake 
CH4 
best 
predictors 
CO2 emissions 
CO2 
best predictors 
Management practices 
F ↑ AOA and 
AOB amoA, 
WFPS, 
inorganic N, 
pH 
↓ 
pmoA, 
inorganic N 
↓ 
16S rRNA, WFPS, soil 
temperature 
I - - ↑ 
IF ↑ -- ↑ 
Afforestation A - - - - ↓ - 
CO2 x Temperature 
R 
eC - 
AOA amoA, 
nosZ, pH 
- 
Soil, soil 
temperature, 
C:N ratio 
- 
CO2, Temperature, Soil, 
CO2xTemperaturexSoil, 16S 
rRNA, soil temperature, 
inorganic N, PO4
3-
, C:N 
ratio 
eT - ↑ ↑ 
eCeT - ↑ ↑ 
C 
eC ↑ - - 
eT ↑ ↑ ↑ 
eCeT - - ↑ 
D 
eC - - - 
eT - ↓ ↑ 
eCeT - - ↑ 
Warming x Overstory 
CW - AOB amoA, 
NO3
-
, total C 
and N, soil 
temperature 
- pmoA, 
moisture, soil 
temperature 
sand, silt 
- 

NO3
-
, moisture, soil 
temperature, sand, silt 
OW ↑ - - 
Warming x Reduced 
precipitation 
AR - - - 
WR - - ↓ 
 
Due to low statistical power, variables presented correspond to pairwise analyses. 
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Future perspectives 
The work presented in this thesis, although following a more advanced approach by 
including several different drivers of GHG emissions under different global change 
scenarios, it excluded diversity, structure and activity of microbial communities 
known to produce N2O, CH4 and CO2 fluxes in soils. Namely, denitrifiers carriers of 
genes responsible for N2O production, methanogens known to produce CH4 and 
fungal communities in the soil expected to also have an important contribution to soil 
respiration in forest ecosystems. By including this information at the microbial level, 
together with higher temporal replication across different ecosystems, it will be 
possible to detect GHG emissions thresholds, i.e. at what conditions GHG emissions 
are at their peak and at what level they become inhibited. For that, soil abiotic 
properties, capable of affecting gas diffusion (particle size, porosity, bulk density, 
WFPS) but also microbial activity (soil temperature, moisture, pH, and substrate 
availability – N, C, and P) need to be included. For each one of these factors, specific 
thresholds for gas diffusion and microbial activity need to be differentiated across 
ecosystems. It is important to keep in mind that, to fully assess soil GHG emissions, 
aboveground vegetation also needs to be included due to its indirect impacts on 
belowground environment. Root development, capable of changing soil structure and 
root exudation rates, soil pH, water and nutrient availability need to be accounted for 
and related back to the developmental stage of the aboveground plant community in 
order to fully understand the impact of GHG feedback responses at the ecosystem 
level. Therefore, experimental studies with larger number of microbial and abiotic 
response variables as the ones referred above, need to be envisioned, both in the field 
and laboratory conditions (Figure 5.1). 
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To fully comprehend and quantify microbial responses to global changing scenarios 
it is necessary to link microbial functional and physiological capabilities at the soil 
micro level to ecosystem level responses. This can be achieved by employing state of 
the art technology such as “meta-omic” techniques (metagenomics, 
metatranscriptomics and metaproteomics) which will shed light on the composition, 
diversity and activity of functional microbial groups, and by employing stable 
isotope probing techniques at the soil micro level, which enables the linkage between 
flux emissions and specific microbial groups. Predictive modelling of multiple 
studies across ecosystems or of simply a multitude of environmental variables 
replicated through time in a single study will provide the understanding of the 
intricate relationship between soil abiotic factors and microbial communities by 
selecting the most important variables explaining N2O, CH4 and CO2 emissions at 
one given space and time. These joint approaches will allow the linkage of GHG 
feedback responses at the ecosystem level with the drivers at the soil micro site level. 
This will also reduce the uncertainty associated with upscaling methods of GHG 
feedback responses to changing climate currently used in field-based studies. 
Furthermore, the uncertainty still present in predictive models may be improved, by 
incorporating microbial data into models. 
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Figure 5.1 Conceptual framework of global change impacts on soil GHG feedback 
responses for future studies. Management practices, increasing CO2 and temperature levels 
as well as altered precipitation patterns have direct interactive impacts on the soil 
environment as well as on the aboveground vegetation. In turn, they interactively impact the 
microbial communities present in soil. Soil microorganisms mediate GHG production and 
consumption processes, which are ultimately controlled at the gene and cellular level. 
Therefore, GHG feedback responses are driven directly by microbial communities and 
indirectly by soil abiotic properties and these, interactively influence the direction and 
magnitude of GHG responses. For example, by changing the conditions favorable to 
microbial activity, elevated CO2 can increase soil moisture levels due to reduction of plant 
evapotranspiration whereas warming can directly reduce soil moisture contents by 
evaporation. Future studies should explicitly consider a more integrated approach to improve 
the accuracy of GHG feedback responses dynamics and underlying mechanisms under future 
global scenarios. 
Soil 
environment
Global changes
CO2
N2O
CH4
Cell

Gene
Microbial 
communities
↑ Warming ↑ CO2
Altered 
precipitation
Management 
practices
Land-use
change
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APPENDIX A 
Table A.1 P-values of linear mixed model results (repeated measures) indicating the effects 
of management practices, land-use change, season and their interactions on GHGs, soil 
abiotic properties and gene abundances. Values in bold represent significant differences 
between factors (P<0.05). 
 
Management practices Land-use 
Treatment Season 
Treatment x 
Season 
Treatment Season 
Treatment x 
Season 
GHG flux       
N2O <0.001 0.471 0.228 0.955 0.602 0.954 
CH4 <0.001 <0.001 0.217 0.665 <0.001 0.009 
CO2 <0.001 <0.001 0.030 <0.001 <0.001 <0.001 
Soil abiotic properties       
NH4
+ <0.001 0.702 <0.001 0.019 0.449 0.029 
NO3
- <0.001 0.245 <0.001 0.951 0.290 0.001 
PO4
3- <0.001 0.008 0.071 0.054 <0.001 0.761 
pH <0.001 <0.001 <0.001 <0.001 0.040 0.061 
Total C 0.213 0.223 0.528 0.59 0.419 0.231 
Total N 0.462 <0.001 0.157 0.629 0.030 0.301 
C:N ratio 0.030 <0.001 0.582 0.147 0.030 0.784 
Gravimetric moisture <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
WFPS <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Soil temperature <0.001 <0.001 0.024 <0.001 <0.001 <0.001 
Gene abundance       
AOA amoA  <0.001 <0.001 0.652 0.908 0.107 0.098 
AOB amoA  <0.001 <0.001 0.542 0.092 0.001 0.687 
nosZ <0.001 <0.001 0.214 0.160 <0.001 0.314 
pmoA <0.001 <0.001 0.074 0.195 <0.001 0.368 
16S rRNA <0.001 <0.001 0.170 0.003 <0.001 0.161 
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APPENDIX B 
Table B.1 Physicochemical characteristics (NH4
+
, NO3
-
, PO4
3-
, total C, total N, C:N ratio) for 
each soil site (0-10cm depth) monoliths collected in 2012. pH was not measured, Values are 
means ± sem (n=24). 
Variables Rosemary Camerons Driftway 
NH4
+
 
(mg kg
-1
 dry soil) 
2.70 ± 0.64 0.97 ± 0.22 0.82 ± 0.25 
NO3
-
 
(mg kg
-1
 dry soil) 
0.98 ± 0.12 0.28 ± 0.10 1.65 ± 0.19 
PO4
3-
 
(mg kg
-1
 dry soil) 
3.12 ± 0.19 1.58 ± 0.11 2.56 ± 0.11 
Total C 
(g kg
-1
) 
14.43 ± 0.73 10.58 ± 0.36 11.50 ± 0.70 
Total N 
(g kg
-1
) 
1.18 ± 0.04 0.94 ± 0.02 0.86 ± 0.04 
C:N ratio 
(%) 
12.08 ± 0.18 11.16 ± 0.16 13.09 ± 0.26 
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Table B.2 P-values of linear mixed model results (repeated measures) indicating the effects of elevated CO2, elevated temperature and different soil sites and 
their interactions on N2O, CH4 and CO2 emissions. Values in bold represent significant differences between factors (P<0.1). 
Factor N2O CH4 CO2 
CO2 0.722 0.634 0.605 
Temperature 0.277 0.991 0.001 
Soil 0.010 0.013 <0.001 
Time 0.014 0.622 <0.001 
CO2 x Temperature 0.803 0.323 0.006 
CO2 x Soil 0.930 0.902 0.069 
Temperature x Soil 0.336 0.314 0.835 
CO2 x Temperature x Soil 0.185 0.041 0.985 
CO2 x Time  0.768 0.569 0.026 
Temperature x Time 0.237 0.236 0.026 
CO2 x Temperature x Time   0.267 0.174 0.104 
Soil x Time   0.035 0.290 0.041 
CO2 x Soil x Time   0.729 0.390 0.248 
Temperature x Soil x Time   0.840 0.842 0.563 
CO2 x Temperature x Soil x Time   0.880 0.499 0.436 
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Table B.3 P-values of linear mixed model results (repeated measures) indicating the effects 
of elevated CO2 and elevated temperature and their interactions within each soil site, on N2O, 
CH4 and CO2 emissions. Values in bold represent significant differences between factors 
(P<0.1). 
Factor  N2O CH4 CO2 
Rosemary soil    
CO2 0.770 0.728 0.388 
Temperature 0.759 0.079 0.047 
Time 0.767 0.932 <0.001 
CO2 x Temperature 0.684 0.638 0.106 
CO2 x Time  0.716 0.935 0.053 
Temperature x Time 0.033 0.258 0.160 
CO2 x Temperature x Time 0.672 0.913 0.024 
Camerons soil    
CO2 0.902 0.407 0.797 
Temperature 0.686 0.341 0.034 
Time 0.175 0.339 <0.001 
CO2 x Temperature 0.018 0.020 0.150 
CO2 x Time  0.788 0.370 0.117 
Temperature x Time 0.908 0.297 0.370 
CO2 x Temperature x Time 0.107 0.608 0.944 
Driftway soil    
CO2 0.663 0.961 0.102 
Temperature 0.120 0.718 0.031 
Time 0.015 0.084 0.002 
CO2 x Temperature 0.468 0.092 0.344 
CO2 x Time  0.467 0.420 0.266 
Temperature x Time 0.827 0.873 0.270 
CO2 x Temperature x Time 0.652 0.217 0.502 
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Table B.4 Greenhouse gas emissions (N2O, CH4 and CO2 fluxes), expressed as µg N2O-
N/CH4-N m
-2
 h
-1
 or mg CO2-C m
-2
 h
-1
, under climate treatment effects on three different 
soils. Values represent mean ± sem (n=6) for each time point. aCaT = ambient treatment; 
eCaT = elevated CO2, aCeT = elevated temperature and eCeT = elevated CO2 x elevated 
temperature. 
Rosemary 
soil 
Climate 
treatment 
GHG flux 
T3 T6 T9 
N2O 
aCaT 3.33 ± 1.98 -0.85 ± 1.21 0.61 ± 0.91 
eCaT 1.50 ± 1.55 -1.78 ± 0.92 2.77 ± 1.50 
aCeT 0.71 ± 2.92 1.35 ± 1.00 -1.10 ± 1.88 
eCeT 0.39 ± 2.20 3.01 ± 1.55 -0.37 ± 2.81 
CH4 
aCaT -1.49 ± 25.29 -10.73 ± 14.33 -8.92 ± 17.16 
eCaT 3.52 ± 6.42 -21.26 ± 2.95 -16.51 ± 38.08 
aCeT -42.09 ± 24.71 -28.90 ± 8.09 -32.09 ± 33.18 
eCeT -48.06 ± 20.63 -7.71 ± 22.29 -14.56 ± 28.27 
CO2 
aCaT 124.9 ± 19.77 205.0 ± 27.52 93.3 ± 15.17 
eCaT 154.8 ± 12.31 196.7 ± 18.73 101.8 ± 8.95 
aCeT 172.8 ± 18.82 261.2 ± 29.31 185.6 ± 16.19 
eCeT 209.1 ± 13.16 241.7 ± 16.26 114.4 ± 20.21 
Camerons 
soil 
Climate 
treatment 
   
N2O 
aCaT 1.63 ± 3.24 -2.89 ± 2.32 0.26 ± 1.12 
eCaT 2.66 ± 1.55 0.78 ± 2.30 4.20 ± 3.32 
aCeT 0.80 ± 3.20 1.35 ± 1.00 4.61 ± 1.41 
eCeT 2.30 ± 1.36 -2.07 ± 1.19 0.50 ± 1.53 
CH4 
aCaT 36.48 ± 19.56 -5.00 ± 15.73 18.86 ± 27.09 
eCaT -10.60 ± 27.97 -13.13 ± 13.99 20.78 ± 48.62 
aCeT -12.76 ± 16.31 -28.90 ± 8.09 6.12 ± 19.01 
eCeT -5.96 ± 21.49 -9.92 ± 21.28 84.48 ± 40.89 
CO2 
aCaT 105.5 ± 16.08 163.0 ± 10.17 86.9 ± 8.41 
eCaT 157.3 ± 15.97 261.2 ± 18.09 115.8 ± 27.11 
aCeT 130.9 ± 11.67 174.0 ± 29.31 138.6 ± 26.04 
eCeT 156.1 ± 30.55 226.0 ± 33.37 132.7 ± 29.07 
Driftway soil 
Climate 
treatment 
   
N2O 
aCaT 12.88 ± 7.09 -0.01 ± 1.13 0.21 ± 1.88 
eCaT 4.01 ± 1.81 -0.29 ± 2.49 2.61 ± 3.12 
aCeT 11.08 ± 8.77 5.87 ± 2.87 1.03 ± 1.75 
eCeT 15.11 ± 8.71 3.87 ± 4.11 4.09 ± 1.42 
CH4 
aCaT -21.28 ± 19.71 -23.83 ± 16.33 -0.63 ± 21.86 
eCaT -3.73 ± 12.36 -7.98 ± 11.19 26.88 ± 36.12 
aCeT -9.71 ± 33.69 -20.16 ± 17.51 61.19 ± 23.51 
eCeT -26.09 ± 13.98 -5.28 ± 21.57 -16.03 ± 35.85 
CO2 
aCaT 123.9 ± 10.23 128.4 ± 13.15 95.8 ±15.53 
eCaT 112.0 ± 10.61 123.2 ± 12.43 83.00 ± 7.33 
aCeT 159.6 ± 16.01 197.6 ± 45.47 157.8 ± 27.62 
eCeT 129.2 ± 16.14 168.2 ± 25.82 82.0 ± 12.43 
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Table B.5 Summary of three-way ANOVA results indicating the single effects of climate 
treatments, soil site and sampling time on net GWP. 
Factors DF F P-value 
Climate 2 17.055 0.001 
Soil 2 7.965 0.012 
Time 2 0.359 0.709 
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Table B.6 P-values of linear mixed model results (repeated measures) indicating the effects of elevated CO2, elevated temperature and different soil sites and 
their interactions on extractable NH4
+
, NO3
-
, PO4
3-
, soil pH, soil gravimetric moisture, WFPS, soil temperature, and linear mixed model results for T9 
measurements of total C, total N, C:N ratio, bulk density and porosity. Values in bold represent significant differences between factors (P<0.1). 
Factor NH4
+
 NO3
-
 PO4
3-
 pH Total C Total N 
C:N 
ratio 
WFPS 
Gravimetric 
moisture 
Soil 
temperature 
Bulk 
density 
Porosity 
CO2 0.073 0.124 <0.001 0.939 0.766 0.775 0.783 0.033 <0.001 0.262 0.394 0.411 
Temperature <0.001 0.064 0.051 0.011 0.135 0.252 0.126 0.142 0.004 <0.001 0.702 0.710 
Soil <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.009 <0.001 <0.001 
Time <0.001 <0.001 <0.001 <0.001 - - - <0.001 <0.001 <0.001 - - 
CO2 x Temperature 0.292 0.390 <0.001 0.093 0.862 0.940 0.646 0.716 0.541 <0.001 0.397 0.387 
CO2 x Soil 0.338 0.431 <0.001 0.032 0.954 0.975 0.775 0.911 0.727 0.237 0.910 0.909 
Temperature x Soil 0.204 0.505 0.319 0.321 0.735 0.861 0.395 0.106 0.022 0.898 0.475 0.470 
CO2 x Temperature x Soil 0.307 0.797 0.005 0.081 0.385 0.130 0.262 0.503 0.351 0.376 0.729 0.705 
CO2 x Time 0.074 0.470 <0.001 0.305 - - - 0.307 0.122 <0.001 - - 
Temperature x Time 0.005 0.848 0.086 0.015 - - - 0.038 0.049 <0.001 - - 
CO2 x Temperature x Time 0.034 0.034 0.009 0.035 - - - 0.135 0.210 <0.001 - - 
Soil x Time <0.001 <0.001 0.669 <0.001 - - - 0.003 0.012 0.289 - - 
CO2 x Soil x Time 0.267 0.513 0.034 0.050 - - - 0.029 0.015 0.503 - - 
Temperature x Soil x Time 0.223 0.271 0.227 0.611 - - - 0.123 0.155 0.990 - - 
CO2 x Temperature x Soil x Time 0.135 0.015 0.249 0.283 - - - 0.263 0.196 0.554 - - 
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Table B.7 P-values of linear mixed model results (repeated measures) indicating the effects of elevated CO2, and elevated temperature within each soil site, on 
extractable NH4
+
, NO3
-
, PO4
3-
, soil pH, soil gravimetric moisture, WFPS, soil temperature, and linear mixed model results for T9 measurements of total C, 
total N, C:N ratio, bulk density and porosity. Values in bold represent significant differences between factors (P<0.1). 
 
NH4
+
 NO3
-
 PO4
3-
 pH 
Total 
C 
Total 
N 
C:N 
ratio 
WFPS 
Gravimetric 
moisture 
Soil 
temperature 
Bulk 
density 
Porosity 
Rosemary soil             
CO2 0.059 0.952 0.766 0.161 0.894 0.767 0.843 0.167 0.002 0.056 0.506 0.499 
Temperature 0.005 0.786 0.804 0.211 0.151 0.440 0.062 0.129 0.002 <0.001 0.488 0.492 
Time 0.003 <0.001 <0.001 0.002 - - - 0.002 0.001 <0.001 - - 
CO2 x Temperature 0.666 0.805 0.003 0.016 0.626 0.170 0.178 0.731 0.627 0.012 0.933 0.934 
CO2 x Time 0.530 0.369 0.003 0.048 - - - 0.300 0.193 <0.001 - - 
Temperature x Time 0.688 0.733 0.227 0.224 - - - 0.052 0.036 <0.001 - - 
CO2 x Temperature x Time 0.824 0.011 0.078 0.477 - - - 0.058 0.036 <0.001 - - 
Camerons soil             
CO2 0.654 0.233 0.096 0.008 0.971 0.994 0.901 0.151 <0.001 0.485 0.861 0.879 
Temperature <0.001 0.039 0.412 0.498 0.199 0.195 0.722 0.372 0.973 <0.001 0.376 0.369 
Time <0.001 <0.001 <0.001 <0.001 - - - <0.001 <0.001 <0.001 - - 
CO2 x Temperature 0.153 0.186 0.005 0.678 0.054 0.059 0.485 0.633 0.073 0.031 0.774 0.783 
CO2 x Time 0.035 0.258 0.026 0.528 - - - 0.011 0.009 <0.001 - - 
Temperature x Time 0.093 0.463 0.114 0.087 - - - 0.244 0.244 <0.001 - - 
CO2 x Temperature x Time 0.002 0.292 0.119 0.538 - - - 0.908 0.916 <0.001 - - 
Driftway soil             
CO2 0.301 0.065 <0.001 0.666 0.755 0.871 0.586 0.320 0.037 0.565 0.523 0.541 
Temperature 0.212 0.553 0.209 0.025 0.785 0.849 0.696 0.065 0.161 <0.001 0.533 0.533 
Time <0.001 <0.001 <0.001 0.015 - - - <0.001 <0.001 <0.001 - - 
CO2 x Temperature 0.089 0.890 0.735 0.887 0.732 0.920 0.493 0.279 0.947 <0.001 0.359 0.346 
CO2 x Time 0.583 0.698 <0.001 0.131 - - - 0.451 0.425 <0.001 - - 
Temperature x Time 0.003 0.094 0.160 0.455 - - - 0.390 0.449 <0.001 - - 
CO2 x Temperature x Time 0.716 0.519 0.587 0.009 - - - 0.067 0.082 <0.001 - - 
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Table B.8 Soil abiotic properties (extractable NH4
+
, NO3
-
, PO4
3-
, soil pH, total C, total N, 
C:N ratio, soil gravimetric moisture, WFPS and soil temperature) under climate treatment 
effects on three different soils: (A) Rosemary soil, (B) Camerons soil and (C) Driftway soil. 
Values represent mean ± sem (n=6) for each time point.  aCaT= ambient treatment; eCaT = 
elevated CO2, aCeT = elevated temperature and eCeT = elevated CO2 x elevated 
temperature. Total C, total N and C:N ratio were determined only at T9. 
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Table B.8A 
Soil abiotic 
properties 
Climate 
treatment 
Rosemary soil 
T3 T6 T9 
NH4
+ 
(mg kg
-1
 dry 
soil) 
aCaT 1.93 ± 0.34 2.53 ± 1.03 1.07 ± 0.26 
eCaT 3.25 ± 0.89 2.43 ± 0.32
 
1.47 ± 0.39 
aCeT 0.80 ± 0.44 1.32 ± 0.38 0.62 ± 0.25 
eCeT 1.71 ± 0.46 2.34 ± 1.14 0.71 ± 0.22 
NO3
-
 
(mg kg
-1
 dry 
soil) 
aCaT 1.49 ± 0.41 2.90 ± 0.61 0.47 ± 0.16 
eCaT 0.97 ± 0.26 2.29 ± 0.24 1.25 ± 0.18 
aCeT 1.06 ± 0.26 2.42 ± 0.23 0.93 ±  0.22 
eCeT 1.57 ± 0.30 2.15 ± 0.23 0.61 ± 0.25 
PO4
3-
 
(mg kg
-1
 dry 
soil) 
aCaT 2.69 ± 0.35 0.99 ± 0.28 1.13 ± 0.19 
eCaT 1.21 ± 0.11 1.15 ± 0.10 1.16 ± 0.15 
aCeT 1.50 ± 0.19 0.67 ±0.13 0.86 ± 0.19 
eCeT 1.93 ± 0.17 1.80 ± 0.17 0.77 ± 0.15 
pH (H2O) 
aCaT 6.03 ± 0.07 6.14 ± 0.08 6.07 ± 0.07 
eCaT 6.31 ± 0.03 6.35 ± 0.01 6.11 ± 0.06 
aCeT 6.08 ± 0.03 6.18 ± 0.08 6.17 ± 0.10 
eCeT 6.00 ± 0.04 6.23 ± 0.10 6.05 ± 0.08 
Total C (g kg
-1
 
dry soil) 
aCaT - - 9.88 ± 1.11 
eCaT - - 9.29 ± 0.40 
aCeT - - 8.52 ± 0.45 
eCeT - - 8.74 ± 0.48 
Total N (g kg
-1
 
dry soil) 
aCaT - - 0.87 ± 0.07 
eCaT - - 0.79 ± 0.03 
aCeT - - 0.77 ± 0.03 
eCeT - - 0.81 ± 0.03 
C:N ratio (%) 
aCaT - - 11.32 ± 0.38 
eCaT - - 11.83 ± 0.17 
aCeT - - 11.13 ± 0.40 
eCeT - - 10.75 ± 0.28 
Gravimetric 
moisture (%) 
aCaT 16.89 ± 0.78 15.76 ± 0.77 16.42 ± 0.59 
eCaT 16.81 ± 0.42 18.77 ± 0.48 19.43 ± 0.89 
aCeT 13.17 ± 0.72 15.96 ± 0.61 14.90 ± 1.08 
eCeT 15.14 ± 0.71 17.35 ± 0.52 16.30 ± 0.33 
WFPS (%) 
aCaT 38.20 ± 1.37 36.10 ± 2.94 37.36 ± 1.92 
eCaT 37.37 ± 2.34 41.78 ± 2.54 43.27 ± 3.19 
aCeT 31.17 ± 2.11 37.58 ± 1.72 35.48 ± 3.65 
eCeT 34.36 ± 1.63 39.36 ± 0.95 37.07 ± 1.16 
Soil 
temperature 
(C) 
aCaT 28.55 ± 0.45 29.54 ± 0.49 23.75 ± 0.13 
eCaT 29.20 ± 0.18 28.16 ± 0.33 22.83 ± 0.36 
aCeT 31.83 ± 0.25 27.08 ± 0.61 26.86 ± 0.11 
eCeT 31.53 ± 0.30 30.43 ± 0.34 24.68 ± 0.29 
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Table B.8B 
Soil abiotic 
properties 
Climate 
treatment 
Camerons soil 
T3 T6 T9 
NH4
+ 
(mg kg
-1
 dry 
soil) 
aCaT 4.91 ± 0.57 3.43 ± 0.64 0.97 ± 0.26 
eCaT 4.13 ± 0.39 3.39 ± 0.81
 
2.02 ± 0.68 
aCeT 1.65 ± 0.57 2.35 ± 0.31 1.42 ± 0.24 
eCeT 4.04 ± 1.26 0.83 ± 0.41 1.05 ± 0.31 
NO3
-
  
(mg kg
-1
 dry 
soil) 
aCaT 0.98 ± 0.23 1.20 ± 0.23 0.30 ± 0.10 
eCaT 0.97 ± 0.17 1.20 ± 0.17 0.33 ± 0.11 
aCeT 0.79 ± 0.17 1.03 ± 0.15 0.29 ± 0.12 
eCeT 0.73 ± 0.18 0.55 ± 0.18 0.16 ± 0.05 
PO4
3-
  
(mg kg
-1
 dry 
soil) 
aCaT 1.35 ± 0.12 0.35 ± 0.06 0.34 ± 0.14 
eCaT 1.11 ± 0.12 0.35 ± 0.03 0.36 ± 0.14 
aCeT 0.57 ± 0.06 0.23 ± 0.06 0.40 ± 0.11 
eCeT 1.41 ± 0.15 0.84 ± 0.08 0.45 ± 0.07 
pH (H2O) 
aCaT 6.56 ± 0.03 6.58 ± 0.05 6.23 ± 0.04 
eCaT 6.47 ± 0.03 6.51 ± 0.07 6.16 ± 0.09 
aCeT 6.53 ± 0.02 6.54 ± 0.09 6.27 ± 0.03 
eCeT 6.41 ± 0.03 6.36 ± 0.05 6.25 ± 0.04 
Total C (g kg
-1
 
dry soil) 
aCaT - - 7.19 ± 0.41 
eCaT - - 7.77 ± 0.28 
aCeT - - 7.36 ± 0.22 
eCeT - - 6.79 ± 0.22 
Total N (g kg
-1
 
dry soil) 
aCaT - - 0.69 ± 0.03 
eCaT - - 0.74 ± 0.03 
aCeT - - 0.71 ± 0.02 
eCeT - - 0.66 ± 0.02 
C:N ratio (%) 
aCaT - - 10.34 ± 0.12 
eCaT - - 10.45 ± 0.15 
aCeT - - 10.39 ± 0.07 
eCeT - - 10.30 ± 0.20 
Gravimetric 
moisture (%) 
aCaT 17.00 ± 0.26 17.00 ± 0.37 19.00 ± 1.18 
eCaT 18.17 ± 0.60 17.50 ± 1.03 18.67 ± 0.49 
aCeT 16.33 ± 0.84 17.67 ± 0.56 17.33 ± 0.56 
eCeT 18.33 ± 0.71 18.17 ± 0.95 22.33 ± 0.76 
WFPS (%) 
aCaT 38.98 ± 0.58 41.74 ± 1.43 39.53 ± 2.22 
eCaT 39.94 ± 1.64 42.56 ± 2.21 45.37 ± 2.31 
aCeT 39.27 ± 1.26 42.09 ± 2.03 42.47 ± 3.16 
eCeT 42.06 ± 3.42 46.71 ± 4.53 52.55 ± 5.58 
Soil 
temperature  
(C) 
aCaT 28.55 ± 0.45 29.54 ± 0.49 23.75 ± 0.13 
eCaT 29.20 ± 0.18 28.16 ± 0.33 22.83 ± 0.36 
aCeT 31.83 ± 0.25 27.08 ± 0.61 26.86 ± 0.11 
eCeT 31.53 ± 0.30 30.43 ± 0.34 24.68 ± 0.29 
173 
 
Table B.8C 
Soil abiotic 
properties 
Climate 
treatment 
Driftway soil 
T3 T6 T9 
NH4
+ 
(mg kg
-1
 dry 
soil) 
aCaT 0.77 ± 0.37 1.301 ± 0.32 0.637 ± 0.24 
eCaT 1.31 ± 0.43 2.628 ± 0.41
 
0.825 ± 0.20 
aCeT 0.27 ± 0.17 1.633 ± 0.18 1.130 ± 0.15 
eCeT 0.30 ± 0.14 1.519 ± 0.61 0.966 ± 0.29 
NO3
-
 
(mg kg
-1
 dry 
soil) 
aCaT 2.26 ± 0.26 2.07 ± 0.24 1.02 ± 0.19 
eCaT 1.73 ± 0.15 1.98 ± 0.20 0.70 ± 0.23 
aCeT 1.93 ± 0.38 2.49 ± 0.18 0.67 ± 0.15 
eCeT 1.55 ± 0.25 2.02 ± 0.21 0.45 ± 0.13 
PO4
3-
 
(mg kg
-1
 dry 
soil) 
aCaT 1.84 ± 0.16 0.51 ± 0.13 0.75 ± 0.15 
eCaT 2.40 ± 0.38 2.04 ± 0.09 0.90 ± 0.09 
aCeT 1.21 ± 0.17 0.58 ± 0.12 0.75 ± 0.21 
eCeT 1.77 ± 0.16 1.65 ± 0.18 0.91 ± 0.16 
pH (H2O) 
aCaT 5.44 ± 0.04 5.61 ± 0.06 5.51 ± 0.07 
eCaT 5.65 ± 0.04 5.51 ± 0.03 5.39 ± 0.04 
aCeT 5.40 ± 0.03 5.41 ± 0.05 5.35 ± 0.08 
eCeT 5.38 ± 0.05 5.47 ± 0.06 5.41 ± 0.11 
Total C (g kg
-1
 
dry soil) 
aCaT - - 8.31 ± 0.83 
eCaT - - 7.82 ± 0.75 
aCeT - - 7.77 ± 0.51 
eCeT - - 7.85 ± 0.70 
Total N (g kg
-1
 
dry soil) 
aCaT - - 0.65 ± 0.04 
eCaT - - 0.64 ± 0.04 
aCeT - - 0.63 ± 0.02 
eCeT - - 0.64 ± 0.04 
C:N ratio (%) 
aCaT - - 12.67 ± 0.53 
eCaT - - 12.15 ± 0.39 
aCeT - - 12.21 ± 0.43 
eCeT - - 12.27 ± 0.30 
Gravimetric 
moisture (%) 
aCaT 12.46 ± 0.85 14.08 ± 0.74 13.84 ± 0.81 
eCaT 13.98 ± 1.21 16.03 ± 0.53 14.24 ± 0.43 
aCeT 11.02 ± 0.71 14.56 ± 0.43 12.78 ± 0.49 
eCeT 12.92 ± 0.42 14.93 ± 0.53 13.87 ± 0.58 
WFPS (%) 
aCaT 34.43 ± 2.6 38.82 ± 2.00 38.04 ± 1.70 
eCaT 39.06 ± 2.92 45.56 ± 3.21 40.37 ± 2.53 
aCeT 30.85 ± 1.45 41.22 ± 2.39 36.14 ± 2.07 
eCeT 32.67 ± 1.70 37.99 ± 2.79 35.21 ± 2.45 
Soil 
temperature 
(C) 
aCaT 29.30  ± 0.25 29.87  ± 0.46 23.68  ± 0.09 
eCaT 29.07  ± 0.17 28.84  ± 0.11 22.99  ± 0.35 
aCeT 32.18  ± 0.16 27.17  ± 0.54 26.72  ± 0.23 
eCeT 32.22  ± 0.15 28.84  ± 0.21 25.16  ± 0.22 
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Table B.9 P-values of linear mixed model results (repeated measures) indicating the effects 
of elevated CO2, elevated temperature and different soil sites and their interactions on AOA 
and AOB amoA, nosZ, pmoA and 16S rRNA gene abundances. Values in bold represent 
significant differences between factors (P<0.1). 
Factor 
AOA 
amoA 
AOB 
amoA 
nosZ pmoA 
16S 
rRNA 
CO2 0.191 0.087 0.171 0.055 0.183 
Temperature 0.675 0.175 0.059 0.789 0.030 
Soil <0.001 0.372 0.238 <0.001 <0.001 
Time <0.001 0.080 <0.001 <0.001 <0.001 
CO2 x Temperature 0.020 0.298 0.296 0.759 0.895 
CO2 x Soil 0.371 0.173 0.081 0.015 0.050 
Temperature x Soil 0.007 0.062 0.017 0.035 0.023 
CO2 x Temperature x Soil 0.844 0.812 0.792 0.878 0.876 
CO2 x Time 0.754 0.356 0.393 0.581 0.926 
Temperature x Time 0.405 0.177 0.192 0.247 0.317 
CO2 x Temperature x Time 0.408 0.915 0.798 0.984 0.279 
Soil x Time <0.001 0.941 0.718 0.050 0.056 
CO2 x Soil x Time 0.070 0.527 0.228 0.189 0.145 
Temperature x Soil x Time 0.844 0.812 0.792 0.878 0.876 
CO2 x Temperature x Soil x Time 0.644 0.991 1.000 0.967 0.617 
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Table B.10 P-values of linear mixed model results (repeated measures) indicating the effects 
of elevated CO2 and elevated temperature within each soil site, on AOA and AOB amoA, 
nosZ, pmoA and 16S rRNA gene abundances. Values in bold represent significant differences 
between factors (P<0.1). 
Factor 
AOA 
amoA 
AOB 
amoA 
nosZ pmoA 
16S 
rRNA 
Rosemary soil      
CO2 0.929 0.658 0.573 0.307 0.123 
Temperature 0.019 0.946 0.688 0.120 0.974 
Time 0.068 0.337 <0.001 <0.001 <0.001 
CO2 x Temperature 0.086 0.132 0.239 0.476 0.289 
CO2 x Time  0.003 0.034 <0.001 0.084 0.024 
Temperature x Time 0.262 0.452 0.008 0.680 0.601 
CO2 x Temperature x Time 0.037 0.895 0.843 0.962 0.047 
Camerons soil      
CO2 0.049 0.034 0.108 0.006 0.161 
Temperature 0.588 0.015 0.004 0.112 0.026 
Time 0.968 0.253 <0.001 <0.001 <0.001 
CO2 x Temperature 0.122 0.732 0.901 0.843 0.813 
CO2 x Time  0.406 0.579 0.945 0.417 0.807 
Temperature x Time 0.938 0.351 0.595 0.902 0.617 
CO2 x Temperature x Time 0.893 0.856 0.812 0.976 0.629 
Driftway soil      
CO2 0.607 0.199 0.310 0.190 0.209 
Temperature 0.172 0.859 0.504 0.614 0.880 
Time <0.001 0.109 <0.001 <0.001 <0.001 
CO2 x Temperature 0.541 0.463 0.467 0.659 0.837 
CO2 x Time  0.815 0.766 0.776 0.795 0.778 
Temperature x Time 0.370 0.313 0.795 0.121 0.641 
CO2 x Temperature x Time 0.790 0.783 0.768 0.757 0.971 
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Table B.11 Microbial gene abundances (AOA and AOB amoA, nosZ, pmoA and 16S rRNA), 
expressed as gene copies per gram of dry soil, under climate treatment effects on three 
different soils: (A) Rosemary soil, (B) Camerons soil and (C) Driftway soil. Values represent 
mean ± sem (n=6) for each time point.  aCaT= ambient treatment; eCaT = elevated CO2, 
aCeT = elevated temperature and eCeT = elevated CO2 x elevated temperature. 
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Table B.11A 
Gene 
abundances 
Climate 
treatment 
Rosemary soil 
T3 T6 T9 
AOA  
amoA 
aCaT 5.80 x 10
8
 ± 1.98 x 10
8
 4.19 x 10
8
 ± 1.34 x 10
8
 4.60 x 10
8
 ± 7.80 x 10
7
 
eCaT 3.26 x 10
8
 ± 9.39 x 10
7
 6.14 x 10
8
 ± 8.21 x 10
7
 2.10 x 10
8
 ± 3.53 x 10
7
 
aCeT 2.04 x 10
8
 ± 5.43 x 10
7
 2.29 x 10
8
 ± 5.29 x 10
7
 2.60 x 10
8
 ± 7.63 x 10
7
 
eCeT 2.98 x 10
8
 ± 7.70 x 10
7
 3.27 x 10
8
 ± 4.52 x 10
7
 2.70 x 10
8
 ± 4.42 x 10
7
 
AOB  
amoA 
aCaT 3.90 x 10
7
 ± 5.53 x 10
6
 3.40 x 10
7
 ± 2.12 x 10
6
 4.28 x 10
7
 ± 2.09 x 10
6
 
eCaT 3.35 x 10
7
 ± 6.95 x 10
6
 4.12 x 10
7
 ± 4.32 x 10
6
 3.18 x 10
7
 ± 9.67 x 10
5
 
aCeT 2.77 x 10
7
 ± 4.26 x 10
6
 3.23 x 10
7
 ± 8.89 x 10
6
 4.33 x 10
7
 ± 5.83 x 10
6
 
eCeT 3.48 x 10
7
 ± 8.11 x 10
6
 4.50 x 10
7
 ± 7.56 x 10
6
 4.22 x 10
7
 ± 3.23 x 10
6
 
nosZ 
aCaT 2.50 x 10
8
 ± 4.82 x 10
7
 3.54 x 10
8
 ± 3.68 x 10
7
 2.24 x 10
8
 ± 2.04 x 10
7
 
eCaT 1.93 x 10
8
 ± 4.03 x 10
7
 5.57 x 10
8
 ± 6.36 x 10
7
 1.62 x 10
8
 ± 1.21 x 10
7
 
aCeT 2.01 x 10
8
 ± 4.67 x 10
7
 2.45 x 10
8
 ± 3.74 x 10
7
 2.43 x 10
8
 ± 3.13 x 10
7
 
eCeT 2.28 x 10
8
 ± 4.84 x 10
7
 4.28 x 10
8
 ± 5.87 x 10
7
 2.23 x 10
8
 ± 2.56 x 10
7
 
pmoA 
aCaT 4.75 x 10
7
 ± 9.57 x 10
6
 8.25 x 10
7
 ± 1.21 x 10
7
 7.34 x 10
7
 ± 1.55 x 10
7
 
eCaT 5.74 x 10
7
 ± 2.16 x 10
7
 1.05 x 10
8
 ± 1.59 x 10
7
 5.44 x 10
7
 ± 6.42 x 10
6
 
aCeT 4.87 x 10
7
 ± 9.94 x 10
6
 9.59 x 10
7
 ± 2.16 x 10
7
 9.04 x 10
7
 ± 1.43 x 10
7
 
eCeT 6.34 x 10
7
 ± 1.68 x 10
7
 1.51 x 10
8
 ± 3.14 x 10
7
 9.19 x 10
7
 ± 1.24 x 10
7
 
16S rRNA 
aCaT 3.34 x 10
11
 ± 5.71 x 10
10
 6.61 x 10
10
 ± 5.16 x 10
9
 7.78 x 10
10
 ± 1.28 x 10
10
 
eCaT 3.22 x 10
11
 ± 7.37 x 10
10
 1.38 x 10
10
 ± 1.13 x 10
10
 4.56 x 10
10
 ± 4.25 x 10
9
 
aCeT 2.44 x 10
11
 ± 5.12 x 10
10
 9.50 x 10
10
 ± 1.84 x 10
10
 7.29 x 10
10
 ± 1.58 x 10
10
 
eCeT 3.50 x 10
11
 ± 6.54 x 10
10
 1.03 x 10
11
 ± 5.12 x 10
10
 7.16 x 10
10
 ± 1.03 x 10
10
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Table B.11B 
Gene 
abundances 
Climate 
treatment 
Camerons soil 
T3 T6 T9 
AOA  
amoA 
aCaT 4.08 x 10
8
 ± 1.25 x 10
8
 5.73 x 10
8
 ± 1.75 x 10
8
 3.60 x 10
8
 ± 5.47 x 10
7
 
eCaT 2.46 x 10
8
 ± 4.65 x 10
7
 3.19 x 10
8
 ± 1.47 x 10
8
 2.49 x 10
8
 ± 3.23 x 10
7
 
aCeT 2.89 x 10
8
 ± 4.21 x 10
7
 4.44 x 10
8
 ± 1.23 x 10
8
 3.36 x 10
8
 ± 7.14 x 10
7
 
eCeT 4.10 x 10
8
 ± 9.41 x 10
7
 2.89 x 10
8
 ± 5.83 x 10
7
 2.99 x 10
8
 ± 4.25 x 10
7
 
AOB  
amoA 
aCaT 4.41 x 10
7
 ± 7.03 x 10
6
 6.00 x 10
7
 ± 1.52 x 10
7
 5.33 x 10
7
 ± 4.05 x 10
6
 
eCaT 4.27 x 10
7
 ± 8.04 x 10
6
 4.36 x 10
7
 ± 1.23 x 10
7
 3.53 x 10
7
 ± 2.73 x 10
6
 
aCeT 3.26 x 10
7
 ± 5.41 x 10
6
 3.53 x 10
7
 ± 6.86 x 10
6
 4.69 x 10
7
 ± 6.85 x 10
6
 
eCeT 3.16 x 10
7
 ± 7.54 x 10
6
 2.51 x 10
7
 ± 4.78 x 10
6
 3.83 x 10
7
 ± 2.65 x 10
6
 
nosZ 
aCaT 2.80 x 10
8
 ± 5.27 x 10
7
 8.11 x 10
8
 ± 2.10 x 10
8
 3.11 x 10
8
 ± 1.81 x 10
7
 
eCaT 2.48 x 10
8
 ± 6.30 x 10
7
 5.14 x 10
8
 ± 1.24 x 10
8
 2.35 x 10
8
 ± 2.64 x 10
7
 
aCeT 1.69 x 10
8
 ± 3.01 x 10
7
 5.12 x 10
8
 ± 1.61 x 10
8
 2.56 x 10
8
 ± 4.35 x 10
7
 
eCeT 1.73 x 10
8
 ± 5.28 x 10
7
 4.00 x 10
8
 ± 1.36 x 10
7
 1.87 x 10
8
 ± 1.42 x 10
7
 
pmoA 
aCaT 5.58 x 10
7
 ± 1.49 x 10
7
 2.03 x 10
8
 ± 3.23 x 10
7
 1.23 x 10
8
 ± 1.05 x 10
7
 
eCaT 5.29 x 10
7
 ± 1.61 x 10
7
 1.08 x 10
8
 ± 1.99 x 10
7
 8.90 x 10
7
 ± 1.65 x 10
7
 
aCeT 3.82 x 10
7
 ± 5.27 x 10
6
 1.60 x 10
8
 ± 4.15 x 10
7
 1.16 x 10
8
 ± 2.22 x 10
7
 
eCeT 3.81 x 10
7
 ± 1.44 x 10
7
 8.47 x 10
7
 ± 1.58 x 10
7
 7.24 x 10
7
 ± 9.01 x 10
6
 
16S rRNA 
aCaT 4.09 x 10
11
 ± 9.03 x 10
10
 1.57 x 10
11
 ± 5.03 x 10
10
 1.01 x 10
11
 ± 1.90 x 10
10
 
eCaT 3.03 x 10
11
 ± 7.37 x 10
10
 1.28 x 10
11
 ± 4.42 x 10
10
 1.12 x 10
11
 ± 1.69 x 10
10
 
aCeT 2.80 x 10
11
 ± 4.77 x 10
10
 8.78 x 10
10
 ± 1.68 x 10
9
 1.06 x 10
11
 ± 3.13 x 10
10
 
eCeT 2.67 x 10
11
 ± 7.88 x 10
10
 4.54 x 10
10
 ± 8.18 x 10
9
 7.36 x 10
10
 ± 1.64 x 10
10
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Table B.11C 
Gene 
abundances 
Climate 
treatment 
Driftway soil 
T3 T6 T9 
AOA  
amoA 
aCaT 1.23 x 10
9
 ± 3.57 x 10
8
 6.96 x 10
8
 ± 2.36 x 10
8
 2.39 x 10
8
 ± 4.56 x 10
7
 
eCaT 6.04 x 10
8
 ± 9.49 x 10
7
 5.52 x 10
8
 ± 9.52 x 10
7 
2.47 x 10
8
 ± 4.44 x 10
7
 
aCeT 9.96 x 10
8
 ± 2.83 x 10
8
 6.63 x 10
8
 ± 1.90 x 10
8
 3.55 x 10
8
 ± 2.01 x 10
7
 
eCeT 1.03 x 10
9
 ± 2.74 x 10
8
 6.10 x 10
8
 ± 9.61 x 10
7
 3.96 x 10
8
 ± 8.37 x 10
7
 
AOB  
amoA 
aCaT 3.55 x 10
7
 ± 6.65 x 10
6
 3.76 x 10
7
 ± 8.08 x 10
6
 3.91 x 10
7
 ± 7.34 x 10
6
 
eCaT 3.07 x 10
7
 ± 1.02 x 10
7
 3.82 x 10
7
 ± 5.11 x 10
6
 3.08 x 10
7
 ± 3.65 x 10
6
 
aCeT 3.84 x 10
7
 ± 7.77 x 10
6
 3.87 x 10
7
 ± 1.06 x 10
7
 4.23 x 10
7
 ± 4.13 x 10
6
 
eCeT 3.36 x 10
7
 ± 7.41 x 10
6
 3.44 x 10
7
 ± 2.77 x 10
6
 3.59 x 10
7
 ± 5.45 x 10
6
 
nosZ 
aCaT 2.43 x 10
8
 ± 4.61 x 10
7
 3.97 x 10
8
 ± 4.96 x 10
7
 1.83 x 10
8
 ± 1.08 x 10
7
 
eCaT 1.74 x 10
8
 ± 4.34 x 10
7
 4.05 x 10
8
 ± 5.81 x 10
7
 1.67 x 10
8
 ± 1.47 x 10
7
 
aCeT 1.90 x 10
8
 ± 4.03 x 10
7
 5.12 x 10
8
 ± 1.52 x 10
8
 2.24 x 10
8
 ± 3.25 x 10
7
 
eCeT 1.87 x 10
8
 ± 4.35 x 10
7
 4.00 x 10
8
 ± 1.36 x 10
7
 2.13 x 10
8
 ± 2.30 x 10
7
 
pmoA 
aCaT 8.73 x 10
7
 ± 2.68 x 10
7
 1.80 x 10
8
 ± 2.81 x 10
7
 8.35 x 10
7
 ± 1.21 x 10
7
 
eCaT 6.61 x 10
7
 ± 2.21 x 10
7
 1.74 x 10
8
 ± 3.58 x 10
7
 7.34 x 10
7
 ± 9.71 x 10
6
 
aCeT 6.72 x 10
7
 ± 1.91 x 10
7
 2.06 x 10
8
 ± 4.37 x 10
7
 1.21 x 10
8
 ± 1.28 x 10
7
 
eCeT 6.49 x 10
7
 ± 2.18 x 10
7
 1.59 x 10
8
 ± 2.63 x 10
7
 1.00 x 10
8
 ± 1.07 x 10
7
 
16S rRNA 
aCaT 2.95 x 10
11
 ± 8.19 x 10
10
 1.09 x 10
11
 ± 3.18 x 10
10
 4.44 x 10
10
 ± 4.65 x 10
10
 
eCaT 2.04 x 10
11
 ± 4.95 x 10
10
 8.23 x 10
10
 ± 1.36 x 10
10
 4.33 x 10
10
 ± 5.31 x 10
9
 
aCeT 2.78 x 10
11
 ± 6.32 x 10
10
 9.11 x 10
10
 ± 2.39 x 10
10
 5.57 x 10
10
 ± 1.38 x 10
10
 
eCeT 2.18 x 10
11
 ± 5.50 x 10
10
 6.93 x 10
10
 ± 7.81 x 10
9
 4.95 x 10
10
 ± 8.00 x 10
9
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APPENDIX C 
Table C.1 P-values of linear mixed model results (repeated measures) indicating the effects 
of warming x overstory condition and warming x reduced precipitation, with site and time on 
N2O, CH4 and CO2 fluxes. Values in bold represent significant differences between factors 
(P<0.1). 
Warming x Overstory N2O CH4 CO2 
Warming 0.004 0.333 <0.001 
Overstory 0.029 0.468 0.013 
Site 0.094 0.006 0.764 
Time <0.001 0.026 <0.001 
Warming x Overstory 0.005 0.059 0.394 
Warming x Site 0.776 0.450 0.895 
Overstory x Site 0.274 0.132 0.229 
Warming x Overstory x Site 0.014 0.144 0.673 
Warming x Time 0.098 0.357 0.209 
Overstory x Time 0.621 0.908 0.024 
Site x Time 0.747 0.017 <0.001 
Warming x Time x Site 0.586 0.759 0.077 
Overstory x Time x Site 0.228 0.537 0.858 
Warming x Overstory x Time 0.410 0.419 0.284 
Warming x Overstory x Site x Time 0.124 0.904 0.482 
Open canopy: 
Warming x Reduced precipitation 
   
Warming 0.680 0.823 0.008 
Reduced precipitation 0.176 0.160 0.453 
Site 0.944 0.008 0.016 
Time 0.003 0.002 <0.001 
Warming x Reduced precipitation 0.020 0.461 0.027 
Warming x Site 0.373 0.681 0.453 
Reduced precipitation x Site 0.305 0.410 0.019 
Warming x Reduced precipitation x Site 0.406 0.695 0.145 
Warming x Time 0.549 0.322 <0.001 
Reduced precipitation x Time 0.150 0.104 0.489 
Site x Time 0.699 0.005 <0.001 
Warming x Site x Time 0.195 0.747 0.022 
Reduced precipitation x Site x Time 0.158 0.438 0.013 
Warming x Reduced precipitation x Time 0.736 0.740 0.393 
Warming x Reduced precipitation x Site x Time 0.048 0.814 0.502 
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Table C.2 Greenhouse gas emissions, (A) N2O, (B) CH4 and (C) CO2 fluxes, expressed as µg 
N2O-N/CH4-N m
-2
 h
-1
 or mg CO2-C m
-2
 h
-1
, under climate treatment effects on two different 
sites, Cloquet and Ely. Values represent mean ± sem (n=3) for each time point. CA = closed 
overstory + ambient, CW = closed overstory + warming, OA = open overstory + ambient, 
OW = open overstory + warming, AA = ambient open overstory + ambient precipitation, AR 
= ambient open overstory + reduced precipitation, WA = warming open overstory + ambient 
precipitation, WR = warming open overstory + reduced precipitation.  
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Table C.2A 
GHG flux 
Climate 
treatment 
Month Cloquet Ely 
N2O 
CA 
May -13.26 ± 18.55 25.60 ± 27.83 
June 24.66 ± 17.41 15.98 ± 17.44 
July -1.26 ± 3.20 15.58 ± 21.50 
August -12.40 ± 13.66 -21.63 ± 3.68 
September 22.90 ± 13.60 -9.43 ± 23.42 
October 3.86 ± 2.63 4.74 ± 16.58 
CW 
May 61.99 ± 33.80 18.94 ± 4.86 
June 24.97 ± 27.99 7.98 ± 35.32 
July 16.11 ± 22.49 -22.53 ± 20.39 
August 4.29 ± 10.41 -20.77 ± 19.98 
September -6.44 ± 7.65 -30.19 ± 28.70 
October 1.80 ± 13.71 -2.83 ± 9.01 
OA 
May 56.21 ± 5.47 -38.25 ± 25.99 
June 26.59 ± 3.87 14.83 ± 22.29 
July -13.45 ± 5.63 -3.20 ± 4.88 
August -2.11 ± 10.30 -12.91 ± 27.91 
September 5.20 ± 8.43 5.37 ± 8.85 
October 8.93 ± 7.75 -14.97 ± 9.16 
OW 
May 58.10 ± 4.35 68.08 ± 11.54 
June 69.37 ± 26.29 83.65 ± 23.00 
July 44.41 ± 37.10 35.90 ± 22.91 
August 16.02 ± 5.03 -9.19 ± 8.22 
September -1.94 ± 12.87 35.23 ± 17.66 
October -4.37 ± 16.80 10.30 ± 11.92 
AR 
May 44.43 ± 11.07 60.20 ± 21.11 
June 22.07 ± 30.20 48.48 ± 17.02 
July 15.54 ± 13.95 -33.58 ± 49.53 
August 57.13 ± 54.71 -6.41 ± 21.98 
September -0.08 ± 6.41 26.76 ± 13.78 
October 2.44 ± 12.61 71.33 ± 37.81 
WR 
May -2.22 ± 43.16 65.94 ± 46.09 
June 55.50 ± 23.01 15.28 ± 18.90 
July 11.08 ± 12.39 25.06 ± 6.61 
August -3.76 ± 13.60 25.06 ± 10.50 
September 11.34 ± 10.97 9.82 ± 38.14 
October 6.47 ± 2.67 -15.68 ± 29.70 
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Table C.2B 
GHG flux 
Climate 
treatment 
Month Cloquet Ely 
CH4 
CA 
May -18.80 ± 13.86 -16.37 ± 5.36 
June -42.03 ± 17.11 -10.18 ± 9.99 
July -32.41 ± 18.71 -40.54 ± 4.32 
August -39.11 ± 9.37 -35.40 ± 7.11 
September -28.45 ± 3.28 -20.91 ± 3.84 
October -23.79 ± 3.99 -14.98 ± 5.21 
CW 
May -28.23 ± 16.53 -29.29 ± 13.50 
June -22.94 ± 12.15 -25.41 ± 7.17 
July -26.76 ±5.26 -56.76 ± 9.74 
August -33.23 ± 4.47 -47.12 ± 1.73 
September -31.77 ± 6.04 -37.85 ± 10.03 
October -28.70 ± 3.76 -27.37 ± 5.61 
OA 
May -23.20 ± 7.22 -47.62 ± 6.52 
June -23.21 ±11.65 -32.01 ± 11.00 
July -25.65 ± 7.07 -72.11 ± 6.43 
August -40.10 ±15.10 -60.43 ± 3.83 
September -25.70 ± 16.75 -47.87 ± 3.40 
October -31.89 ±7.72 -25.94 ± 9.57 
OW 
May -15.12 ± 20.97 -39.07 ± 3.28 
June -17.11 ± 5.14 -43.29 ± 4.95 
July -36.17 ± 6.89 -65.80 ± 16.14 
August -16.94 ± 5.62 -29.85 ± 8.22 
September -27.37 ± 5.77 -33.63 ± 10.60 
October -32.28 ± 8.43 -28.24 ± 4.02 
AR 
May -12.71 ± 5.44 -39.74 ± 3.36 
June -42.18 ±17.44 -41.44 ± 4.10 
July -26.00 ±13.37 -71.36 ± 2.62 
August -23.64 ±9.73 -50.11 ± 7.11 
September -26.29 ± 8.59 -38.55 ± 3.70 
October -24.23 ± 3.78 -20.45 ± 3.99 
WR 
May -41.21 ± 8.21 -28.71 ± 9.58 
June -38.58 ± 23.62 -41.82 ± 9.42 
July -38.71 ± 18.68 -56.31 ± 21.14 
August -9.30 ± 6.32 -34.23 ± 5.80 
September -37.06 ± 4.21 -39.12 ± 6.67 
October -30.82 ± 8.22 -29.19 ± 1.70 
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Table C.2C 
GHG flux 
Climate 
treatment 
Month Cloquet Ely 
CO2 
CA 
May 1396 ± 150 2041 ± 283 
June 3683 ± 221 2443 ± 286 
July 3256 ± 270 3462 ± 636 
August 1759 ± 177 3457 ± 628 
September 2432 ± 130 2907 ± 634 
October 2132 ± 38 2016 ± 149 
CW 
May 2017 ± 244 2802 ± 415 
June 4281 ± 210 2997 ± 250 
July 3586 ± 428 2955 ± 336 
August 1590 ± 192 2820 ± 333 
September 2430 ± 307 2679 ± 192 
October 2217 ± 806 3265 ± 1026 
OA 
May 2513 ± 483 2353 ± 239 
June 5113 ± 465 3487 ± 978 
July 2829 ± 262 2916 ± 368 
August 1515 ± 261 3056 ± 229 
September 1873 ± 197 1932 ± 238 
October 1386 ± 125 1216 ± 29 
OW 
May 2237 ± 224 2900 ± 119 
June 4651 ± 317 2689 ±285 
July 3602 ± 107 2046 ± 150 
August 1160 ± 141 1935 ± 65 
September 2086 ± 119 2233 ± 307 
October 1558 ± 196 1615 ± 15 
AR 
May 2160 ± 229 2635 ± 220 
June 4830 ± 177 2953 ± 362 
July 4029 ± 209 2341 ± 293 
August 2135 ± 130 2364 ± 187 
September 2612 ± 157 1724 ± 40 
October 2229 ± 451 1116 ± 73 
WR 
May 2053 ± 70 3187 ± 201 
June 4240 ± 319 2385 ± 243 
July 2995 ± 301 1694 ± 111 
August 919 ± 133 1368 ± 133 
September 2000 ± 148 1748 ± 280 
October 1700 ± 127 1338 ± 94 
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Table C.3 Summary of two-way ANOVA indicating the single effects of climate treatments 
and sampling time on net GWP. 
Factors DF F P-value 
Climate 3 3.32 0.049 
Time 5 7.37 0.001 
186 
 
Table C.4 P-values of linear mixed model results (repeated measures) indicating the effects of warming x overstory condition and warming x reduced 
precipitation, with site and time on soil abiotic properties. Values in bold represent significant differences between factors (P<0.1). 
Warming x Overstory NH4
+
 NO3
-
 pH 
Total 
C 
Total 
N 
C:N 
ratio 
Volumetric 
moisture 
WFPS 
Soil 
temperature 
Warming 0.295 0.036 0.152 0.535 0.594 0.565 0.033 0.249  <0.001 
Overstory 0.136 <0.001 0.544 0.564 0.836 0.158 0.046 0.363  <0.001 
Site 0.281 0.648 0.047 0.814 0.322 0.029 0.510 0.001  <0.001 
Time 0.044 <0.001 0.917 - - -  <0.001 <0.001  <0.001 
Warming x Overstory  0.273 0.174 0.879 0.993 0.957 0.925 0.474 0.790 0.749 
Warming x Site 0.441 0.517 0.073 0.276 0.328 0.394 0.509 0.425 0.835 
Overstory x Site  0.483 0.158 0.044 0.913 0.913 0.450 0.005 0.004 0.394 
Warming x Overstory Site 0.480 0.232 0.963 0.387 0.545 0.219 0.856 0.652 0.677 
Warming x Time  0.710 0.976 0.836 - - - 0.039 0.029 0.375 
Overstory x Time 0.016 0.054 0.694 - - - 0.008 <0.001  <0.001 
Site x Time 0.202 0.753 0.001 - - -  <0.001 <0.001  <0.001 
Warming x Site x Time  0.877 0.447 0.385 - - - 0.325 0.131 0.941 
Overstory x Site x Time  0.470 0.262 0.278 - - - 0.123 0.781 0.046 
Overstory x Warming x Time 0.383 0.214 0.045 - - - 0.936 0.396 0.998 
Warming x Overstory x Time x Site 0.133 0.946 0.664 - - - 0.840 0.690 0.960 
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Table C.4 (cont.) 
Open canopy: 
Warming x Reduced precipitation 
NH4
+
 NO3
-
 pH 
Total 
C 
Total 
N 
C:N 
ratio 
Volumetric 
moisture 
WFPS 
Soil 
temperature 
Warming 0.810 0.002 0.994 0.090 0.071 0.676 <0.001 0.094 <0.001 
Reduced precipitation 0.100 0.166 0.694 0.811 0.281 0.521 0.212 0.423 0.636 
Site 0.160 0.453 0.830 0.028 0.002 0.159 0.005 0.682 <0.001 
Time 0.411 <0.001 0.621 - - - <0.001 0.002 <0.001 
Warming x Reduced precipitation 0.568 0.464 0.133 0.026 0.025 0.350 0.923 0.316 0.802 
Warming x Site 0.591 0.483 0.120 0.602 0.773 0.957 0.587 0.928 0.522 
Reduced precipitation x Site 0.677 0.465 0.874 0.030 0.023 0.326 0.213 0.418 0.472 
Warming x Reduced precipitation x Site  0.087 0.453 0.912 0.786 0.897 0.797 0.428 0.707 0.935 
Warming x Time 0.539 0.441 0.351 - - - 0.016 0.312 <0.001 
Reduced precipitation x Time 0.844 0.326 0.786 - - - 0.006 0.029 0.287 
Site x Time 0.032 0.544 0.076 - - - <0.001 0.002 <0.001 
Warming x Site x Time  0.443 0.630 0.087 - - - 0.017 0.733 0.142 
Reduced precipitation x Site x Time  0.287 0.981 0.812 - - - <0.001 0.939 0.892 
Warming x Reduced precipitation x Time  0.129 0.826 0.568 - - - 0.605 0.874 0.998 
Reduced precipitation Warming x Site x 
Time 0.209 0.317 0.485 
- - - 
0.659 0.318 0.998 
 
188 
 
Table C.5 Soil abiotic properties (A) extractable NH4
+
 and NO3
-
, pH, total C, total N, C:N 
ratio, WFPS, (B) volumetric moisture and (C) soil temperature, under climate treatment 
effects on two different sites, Cloquet and Ely. Values represent mean ± sem (n=3) for each 
time point.  CA = closed overstory + ambient, CW = closed overstory + warming, OA = 
open overstory + ambient, OW = open overstory + warming, AA = ambient open overstory + 
ambient precipitation, AR = ambient open overstory + reduced precipitation, WA = warming 
open overstory + ambient precipitation, WR = warming open overstory + reduced 
precipitation. 
 
Table C.5A 
Soil abiotic 
properties 
Climate 
treatment 
Month Cloquet Ely 
NH4
+
 
(mg kg
-1
 dry 
soil) 
CA 
May 1.52 ± 0.22 3.03 ± 1.60 
September 0.53 ± 0.45 0.62 ± 0.51 
CW 
May 1.40 ± 0.47 5.42 ± 2.76 
September 1.52 ± 0.58 0.93 ± 0.48 
OA 
May 0.80 ± 0.41 3.12 ± 0.62 
September 1.68 ± 0.71 2.20 ± 0.15 
OW 
May 2.05 ± 0.80 2.09 ± 0.91 
September 1.27 ± 0.19 1.78 ± 0.03 
AR 
May 2.76 ± 0.59 2.96 ± 1.07 
September 2.77 ± 0.44 1.39 ± 0.65 
WR 
May 1.32 ± 0.25 3.93 ± 1.40 
September 2.83 ± 0.77 3.28 ± 1.21 
NO3
-
  
(mg kg
-1
 dry 
soil) 
CA 
May 0.10 ± 0.08 0.06 ± 0.06 
September 0.00 ± 0.00 0.00 ± 0.00 
CW 
May 0.72 ± 0.58 0.07 ± 0.05 
September 0.00 ± 0.00 0.00 ± 0.00 
OA 
May 0.51 ± 0.16 0.73 ± 0.14 
September 0.03 ± 0.03 0.00 ± 0.00 
OW 
May 1.06 ± 0.58 3.92 ± 1.51 
September 0.56 ± 0.56 3.24 ± 2.99 
AR 
May 0.64 ± 0.15 0.86 ± 0.43 
September 0.14 ± 0.14 0.41 ± 0.41 
WR 
May 3.76 ± 1.60 5.14 ± 0.45 
September 2.95 ± 2.12 2.49 ± 1.64 
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Soil abiotic 
properties 
Climate 
treatment 
Month Cloquet Ely 
pH (H2O) 
CA 
May 5.76 ± 0.04 6.46 ± 0.05 
September 5.82 ± 0.06 6.17 ± 0.10 
CW 
May 5.92 ± 0.14 6.33 ± 0.11 
September 6.20 ± 0.15 6.19 ± 0.17 
OA 
May 5.84 ± 0.20 6.04 ± 0.09 
September 5.98 ± 0.14 6.08 ± 0.11 
OW 
May 6.16 ± 0.16 6.15 ± 0.12 
September 6.25 ± 0.10 5.94 ± 0.19 
AR 
May 6.03 ± 0.18 6.09 ± 0.16 
September 6.04 ± 0.16 6.19 ± 0.01 
WR 
May 5.92 ± 0.03 5.96 ± 0.07 
September 6.14 ± 0.17 5.78 ± 0.17 
Total C (g 
kg
-1
 dry 
soil) 
CA 
May - - 
September 22.75 ± 2.32 17.74 ± 4.48 
CW 
May - - 
September 19.45 ± 3.09 25.95 ± 8.60 
OA 
May - - 
September 21.53 ± 1.56 20.87 ± 2.97 
OW 
May - - 
September 22.57 ± 1.40 23.44 ± 4.08 
AR 
May - - 
September 37.67 ± 8.54 20.30 ± 6.00 
WR 
May - - 
September 20.99 ± 1.77 11.72 ± 1.31 
Total N (g 
kg
-1
 dry 
soil) 
CA 
May - - 
September 1.37 ± 0.14 1.09 ± 0.27 
CW 
May - - 
September 1.24 ± 0.18 1.40 ± 0.37 
OA 
May - - 
September 1.32 ± 0.06 1.13 ± 0.10 
OW 
May - - 
September 1.35 ± 0.14 1.26 ± 0.19 
AR 
May - - 
September 2.01 ± 0.41 1.07 ± 0.28 
WR 
May - - 
September 1.22 ± 0.07 0.66 ± 0.07 
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Soil abiotic 
properties 
Climate 
treatment 
Month Cloquet Ely 
C:N ratio 
(%) 
CA 
May - - 
September 16.22 ± 0.51 18.41 ± 1.52 
CW 
May - - 
September 18.46 ± 1.17 18.63 ± 0.60 
OA 
May - - 
September 16.22 ± 0.51 18.41 ± 1.52 
OW 
May - - 
September 16.87 ± 0.73 18.53 ± 0.45 
AR 
May - - 
September 18.46 ± 1.17 18.63 ± 0.60 
WR 
May - - 
September 17.22 ± 1.13 17.80 ± 1.84 
 WFPS (%) 
CA 
May 37.16 ± 0.33 54.91 ± 3.80 
September 26.28 ± 1.41 57.72 ± 10.55 
CW 
May 32.78 ± 3.00 66.22 ± 10.28 
September 17.14 ± 2.47 55.70 ± 13.70 
OA 
May 42.17 ± 6.64 36.64 ± 5.87 
September 35.42 ± 6.47 41.21 ± 4.22 
OW 
May 40.55 ± 7.98 35.06 ± 5.40 
September 29.10 ± 6.64 39.03 ± 5.76 
AR 
May 54.85 ± 9.96 38.59 ± 7.70 
September 32.04 ± 4.13 38.73 ± 6.92 
WR 
May 43.03 ± 13.81 28.17 ± 3.86 
September 25.80 ± 6.99 22.18 ± 3.87 
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Table C.5B 
Soil abiotic 
properties 
Climate 
treatment 
Month Cloquet Ely 
Volumetric 
moisture 
(%) 
CA 
May 17.53 ± 2.20 29.07 ± 9.22 
June 17.32 ± 2.45 29.82 ± 9.10 
July 15.50 ± 1.93 22.57 ± 6.82 
August 6.35 ± 0.48 19.18 ± 4.14 
September 12.25 ± 0.83 27.53 ± 6.32 
October 18.72 ± 1.54 28.03 ± 4.83 
CW 
May 18.57 ± 1.60 24.33 ± 4.82 
June 18.22 ± 2.34 21.05 ± 5.82 
July 14.37 ±  3.16 15.33 ± 5.41 
August 5.37 ± 0.44 12.90 ± 4.61 
September 9.50 ± 1.17 19.33 ± 4.96 
October 16.18 ± 1.46 27.93 ± 12.29 
OA 
May 22.20 ± 0.95 13.53 ± 1.29 
June 21.17 ± 1.14 15.05 ± 1.95 
July 19.50 ± 0.66 9.13 ± 1.37 
August 7.67 ± 0.50 12.02 ± 2.04 
September 16.87 ± 0.25 18.32 ± 3.21 
October 21.92 ± 0.34 20.03 ± 3.48 
OW 
May 18.03 ± 2.33 10.67 ± 1.12 
June 16.61 ± 2.00 9.77 ± 1.52 
July 13.37 ± 2.58 5.63 ± 1.06 
August 5.62 ± 0.91 6.07 ± 0.58 
September 11.78 ± 1.29 12.57 ± 1.08 
October 17.78 ± 2.19 13.85 ± 1.29 
AR 
May 21.60 ± 1.87 15.03 ± 1.68 
June 20.81 ± 1.80 14.37 ± 1.71 
July 17.10 ± 2.16 10.70 ± 2.02 
August 7.10 ± 1.32 8.45 ± 1.16 
September 10.68 ± 1.50 15.97 ± 1.99 
October 20.37 ± 1.78 17.98 ± 2.30 
WR 
May 15.17 ± 1.32 13.80 ± 1.00 
June 12.80 ± 1.60 10.37 ± 1.14 
July 8.73 ± 1.42 5.87 ± 0.74 
August 4.58 ± 0.36 5.03 ± 0.33 
September 6.30 ± 0.15 11.37 ± 1.14 
October 14.38 ± 1.43 13.63 ± 0.84 
 
 
192 
 
Table C.5C 
Soil abiotic 
properties 
Climate 
treatment 
Month Cloquet Ely 
Soil 
temperature 
(°C) 
CA 
May 8.24 ± 0.18 9.04 ± 0.34 
June 13.36 ± 0.05 12.18 ± 0.16 
July 15.99 ± 0.17 17.66 ± 0.24 
August 17.10 ± 0.32 20.55 ± 0.54 
September 12.01 ± 0.06 13.04 ± 0.31 
October 10.76 ± 0.08 10.63 ± 0.08 
CW 
May 11.73 ± 0.34 12.99 ± 0.26 
June 16.40 ± 0.18 14.97 ± 0.41 
July 19.30 ± 0.15 20.84 ± 0.27 
August 20.32 ± 0.35 23.90 ± 0.24 
September 15.23 ± 0.17 16.39 ± 0.32 
October 13.88 ± 0.04 14.13 ± 0.29 
OA 
May 9.72 ± 0.15 11.81 ± 0.77 
June 14.57 ± 0.10 13.43 ± 0.34 
July 16.87 ± 0.11 19.15 ± 0.54 
August 17.35 ± 0.76 21.92 ± 0.42 
September 12.13 ± 0.05 12.17 ± 0.17 
October 9.83 ± 0.08 9.40 ± 0.14 
OW 
May 13.53 ± 0.09 15.46 ± 0.72 
June 17.85 ± 0.13 16.51 ± 0.18 
July 20.26 ± 0.20 22.29 ± 0.34 
August 20.97 ± 0.86 25.11 ± 0.37 
September 15.23 ± 0.32 15.75 ± 0.42 
October 13.08 ± 0.08 12.85 ± 0.46 
AR 
May 9.27 ± 0.19 11.48 ± 0.56 
June 14.38 ± 0.27 13.13 ± 0.37 
July 17.07 ± 0.38 18.62 ± 0.26 
August 17.23 ± 0.63 21.46 ± 0.43 
September 12.32 ± 0.41 12.19 ± 0.23 
October 10.20 ± 0.22 9.32 ± 0.19 
WR 
May 13.12 ± 0.26 15.01 ± 0.99 
June 17.53 ± 0.26 16.23 ± 0.52 
July 20.63 ± 0.20 22.23 ± 0.38 
August 21.02 ± 0.69 24.61 ± 0.62 
September 15.57 ± 0.37 15.62 ± 0.39 
October 13.75 ± 0.16 12.88 ± 0.33 
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Table C.6 P-values of linear mixed model results (repeated measures) indicating the effects 
of warming x overstory condition and warming x reduced precipitation, with site and time on 
AOA and AOB amoA, nosZ, pmoA and 16S rRNA gene abundances. Values in bold 
represent significant differences between factors (P<0.1). 
Warming x Overstory AOA 
amoA 
AOB 
amoA 
nosZ pmoA 
16S 
rRNA 
Warming 0.749 0.261 0.756 0.747 0.930 
Overstory 0.171 0.005 0.754 0.145 0.864 
Site 0.303 0.958 0.098 0.363 0.819 
Time 0.864 0.518 <0.001 <0.001 0.403 
Warming x Overstory 0.275 0.304 0.066 0.158 0.209 
Warming x Site 0.130 0.137 0.657 0.551 0.300 
Overstory x Site 0.068 0.005 0.022 0.140 0.652 
Warming x x Overstory x Site 0.614 0.119 0.488 0.361 0.772 
Warming x Time 0.502 0.624 0.748 0.863 0.460 
Overstory x Time 0.185 0.067 0.070 0.022 0.196 
Site x Time 0.008 0.108 0.002 0.144 0.042 
Warming x Site x Time 0.392 0.015 0.167 0.211 0.241 
Overstory x Site x Time 0.036 0.620 0.465 0.437 0.344 
Warming x Overstory x Time 0.081 0.883 0.934 0.467 0.578 
Warming x Overstory x Site x Time 0.378 0.881 0.282 0.006 0.175 
Open canopy: 
Warming x Reduced precipitation      
Warming 0.474 0.583 0.014 0.021 0.017 
Reduced precipitation 0.054 0.256 0.556 0.893 0.327 
Site 0.359 0.015 0.665 0.006 0.277 
Time 0.168 0.682 0.009 <0.001 0.788 
Warming x Reduced precipitation 0.550 0.655 0.366 0.625 0.219 
Warming x Site 0.751 0.201 0.418 0.045 0.998 
Reduced precipitation x Site 0.904 0.613 0.683 0.778 0.381 
Warming x Reduced precipitation x Site  0.123 0.070 0.592 0.691 0.447 
Warming x Time 0.121 0.403 0.750 0.736 0.965 
Reduced precipitation x Time 0.825 0.240 0.850 0.248 0.874 
Site x Time 0.015 0.181 0.009 0.767 0.006 
Warming x Site x Time 0.269 0.945 0.736 0.869 0.961 
Reduced precipitation x Site x Time 0.009 0.982 0.359 0.145 0.744 
Warming x Reduced precipitation x Time 0.291 0.656 0.910 0.303 0.835 
Warming x Reduced precipitation x Site Time 0.453 0.081 0.957 0.214 0.821 
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Table C.7 Microbial gene abundances (AOA amoA, AOB amoA, nosZ, pmoA, 16S rRNA), 
expressed as gene copies per gram of dry soil, under climate treatment effects on two 
different sites, Cloquet and Ely. Values represent mean ± sem (n=3) for each time point.  CA 
= closed overstory + ambient, CW = closed overstory + warming, OA = open overstory + 
ambient, OW = open overstory + warming, AA = ambient open overstory + ambient 
precipitation, AR = ambient open overstory + reduced precipitation, WA = warming open 
overstory + ambient precipitation, WR = warming open overstory + reduced precipitation. 
 
Gene 
abundance 
Climate 
treatment 
Month Cloquet Ely 
AOA 
amoA 
CA 
May 2.27 x 10
7 
± 5.97 x 10
6
 5.92 x 10
6
 ± 7.80 x 10
5
 
September 2.24 x 10
7
 ± 9.14 x 10
6
 7.33 x 10
6
 ± 2.37 x 10
6
 
CW 
May 2.69 x 10
7
 ± 1.13 x 10
7
 1.42 x 10
7
 ± 6.40 x 10
6
 
September 1.77 x 10
7
 ± 5.82 x 10
6
 9.61 x 10
6
 ± 9.42 x 10
5
 
OA 
May 4.96 x 10
7
 ± 2.46 x 10
7
 2.29 x 10
7
 ± 1.32 x 10
7
 
September 2.72 x 10
7
 ± 1.46 x 10
7
 4.28 x 10
7
 ± 3.20 x 10
7
 
OW 
May 1.40 x 10
7
 ± 5.52 x 10
6
 1.72 x 10
7
 ± 1.09 x 10
7
 
September 8.28 x 10
7
 ± 1.10 x 10
6
 6.78 x 10
7
 ± 2.84 x 10
7
 
AR 
May 6.46 x 10
6
 ± 6.91 x 10
5
 2.90 x 10
7
 ± 2.23 x 10
7
 
September 7.50 x 10
6
 ± 2.31 x 10
5
 1.58 x 10
7
 ± 4.56 x 10
6
 
WR 
May 9.07 x 10
6
 ± 8.72 x 10
4
 9.09 x 10
6
 ± 2.57 x 10
6
 
September 1.26 x 10
7
 ± 4.69 x 10
6
 1.31 x 10
7
 ± 4.84 x 10
6
 
AOB 
amoA 
CA 
May 3.77 x 10
6
 ± 8.45 x 10
5
 2.23 x 10
6
 ± 3.39 x 10
5
 
September 4.37 x 10
6
 ± 1.75 x 10
6
 2.06 x 10
6
 ± 8.88 x 10
5
 
CW 
May 7.94 x 10
6
 ± 1.63 x 10
6
 2.93 x 10
6
 ± 8.71 x 10
5
 
September 5.10 x 10
6
 ± 1.91 x 10
6
 3.60 x 10
6
 ± 1.12 x 10
6
 
OA 
May 5.69 x 10
6
 ± 1.55 x 10
6
 6.60 x 10
6 
± 2.84 x 10
6 
September 9.59 x 10
6
 ± 3.51 x 10
6
 7.76 x 10
6
 ± 2.04 x 10
6
 
OW 
May 4.06 x 10
6
 ± 5.49 x 10
5
 9.04 x 10
6
 ± 2.05 x 10
6
 
September 2.97 x 10
6
 ± 3.18 x 10
5
 1.95 x 10
7
 ± 7.27 x 10
6
 
AR 
May 5.92 x 10
6
 ± 3.26 x 10
6
 4.67 x 10
6
 ± 9.01 x 10
5
 
September 2.87 x 10
6
 ± 4.19 x 10
5
 1.04 x 10
7
 ± 4.68 x 10
6
 
WR 
May 6.76 x 10
6
 ± 2.93 x 10
6
 8.16 x 10
6
 ± 1.06 x 10
6
 
September 4.25 x 10
6
 ± 3.05 x 10
5
 6.89 x 10
6
 ± 3.56 x 10
6
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Gene 
abundance 
Climate 
treatment 
Month Cloquet Ely 
nosZ 
CA 
May 4.00 x 10
8
 ± 2.21 x 10
7
 2.04 x 10
8
 ± 4.73 x 10
7
 
September 1.99 x 10
8
 ± 2.14 x 10
7
 1.28 x 10
8
 ± 5.85 x 10
7
 
CW 
May 6.80 x 10
8
 ± 2.25 x 10
8
 2.45 x 10
8
 ± 2.23 x 10
7
 
September 1.73 x 10
8
 ± 1.43 x 10
7
 2.12 x 10
8
 ± 6.45 x 10
7
 
OA 
May 3.28 x 10
8
 ± 1.85 x 10
7
 2.57 x 10
8
 ± 3.74 x 10
7
 
September 1.61 x 10
8
 ± 7.52 x 10
6
 3.02 x 10
8
 ± 1.06 x 10
8
 
OW 
May 2.97 x 10
8
 ± 5.28 x 10
7
 2.18 x 10
8
 ± 7.24 x 10
7
 
September 1.28 x 10
8
 ± 6.92 x 10
6
 2.15 x 10
8
 ± 1.22 x 10
7
 
AR 
May 2.95 x 10
8
 ± 3.82 x 10
7
 3.24 x 10
8
 ±1.19 x 10
8
 
September 1.90 x 10
8
 ± 1.37 x 10
7
 2.65 x 10
8
 ± 1.09 x 10
7
 
WR 
May 2.55 x 10
8
 ± 4.99 x 10
7
 1.65 x 10
8
 ± 2.66 x 10
7
 
September 1.37 x 10
8
 ± 2.41 x 10
7
 1.86 x 10
8
 ± 7.58 x 10
7
 
pmoA 
CA 
May 5.53 x 10
7
 ± 8.48 x 10
5
 6.94 x 10
7
 ± 1.36 x 10
7
 
September 2.30 x 10
8
 ± 2.90 x 10
7
 1.73 x 10
8
 ± 6.04 x 10
7
 
CW 
May 8.97 x 10
7
 ± 2.44 x 10
7
 5.46 x 10
7
 ± 9.67 x 10
6
 
September 1.90 x 10
8
 ± 3.35 x 10
7
 2.70 x 10
8
 ± 3.18 x 10
7
 
OA 
May 6.18 x 10
7
 ± 1.59 x 10
6
 7.15 x 10
7
 ± 7.75 x 10
6
 
September 2.29 x 10
8
 ± 1.89 x 10
7
 5.65 x 10
8
 ± 2.03 x 10
8
 
OW 
May 5.66 x 10
7
 ± 7.04 x 10
6
 6.29 x 10
7
 ± 1.39 x 10
7
 
September 2.43 x 10
8
 ± 3.47 x 10
7
 2.77 x 10
8
 ± 2.51 x 10
7
 
AR 
May 5.88 x 10
7
 ± 1.16 x 10
7
 1.34 x 10
8
 ± 2.34 x 10
7
 
September 2.34 x 10
8
 ± 1.65 x 10
7
 3.44 x 10
8
 ± 5.78 x 10
7
 
WR 
May 5.32 x 10
7
 ± 6.47 x 10
6
 5.78 x 10
7
 ± 3.24 x 10
6
 
September 2.29 x 10
8 
 ± 1.09 x 10
7
 3.20 x 10
8
 ± 1.59 x 10
8
 
16S rRNA 
CA 
May 8.71 x 10
10
 ± 2.90 x 10
10
 7.59 x 10
10
 ± 2.43 x 10
10
 
September 8.71 x 10
10
 ± 1.56 x 10
10
 5.97 x 10
10
 ± 2.14 x 10
10
 
CW 
May 1.80 x 10
11
 ± 8.33 x 10
10
 9.05 x 10
10
 ± 1.75 x 10
10
 
September 4.86 x 10
10
 ± 7.63 x 10
09
 9.94 x 10
10
 ± 3.06 x 10
10
 
OA 
May 1.18 x 10
11
 ± 3.66 x 10
10
 6.00 x 10
10
 ± 4.60 x 10
09
 
September 7.36 x 10
10
 ± 1.18 x 10
10
 1.24  x 10
11
 ± 5.16 x 10
10
 
OW 
May 8.23 x 10
10
 ± 2.51 x 10
10
 5.80 x 10
10
 ± 7.50 x 10
09
 
September 5.12 x 10
10
 ± 5.07 x 10
09
 9.59 x 10
10
 ± 2.40 x 10
10
 
AR 
May 1.32 x 10
11
 ± 3.45 x 10
10
 1.28 x 10
11
 ± 3.35 x 10
10
 
September 7.44 x 10
10
 ± 9.15 x 10
09
 2.10 x 10
11
 ± 6.99 x 10
10
 
WR 
May 9.43 x 10
10
 ± 4.55 x 10
10
 5.11 x 10
10
 ± 5.00 x 10
09
 
September 4.44 x 10
10
 ± 4.63 x 10
09
 1.63 x 10
11
 ±1.01 x 10
11
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